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THE GLARIMETER 
AN INSTRUMENT FOR MEASURING THE GLOSS OF PAPER 


BY 
L. R. INGERSOLL 


Some years ago the writer developed a method! and instrument 
for measurement of the gloss or degree of finish of a sheet of paper 
by means of its polarizing action on obliquely reflected light. The 
instrument—called a “glarimeter’’ since it measured the gloss in 
terms of the “‘glare’’ or specularly reflected light—was not placed 
at that time on the market, in spite of the fact that it seemed to 
supply a long-felt want for an exact means of gloss measurement. 
This was partly because of the difficulty of securing the necessary 
optical parts during the war time and partly because of some 
inherent defects. 

Not long ago, however, it was found that if the optical system 
of the polarimetric part was replaced by a modified form of that 
used in the Pickering’ polarimeter, these defects would be removed 
and at the same time the sensibility and accuracy greatly in- 
creased. Furthermore the required optical parts—Wollaston 
double-image prism, nicol and lens—could be fairly readily 
obtained. A number of these glarimeters have been made up 
and have already proved their usefulness in various paper mills, 
and accordingly it seems worth while to describe the new form of 
the instrument. 





1 Electrical World, 63, p. 645 (Mar. 21, 1914). It is of interest to note that a 
German scientist, Dr. Karl Kieser, has recently (apparently independently) developed 
a similar instrument making use of the same principle. See Zeit, fiir Angew. Chemie, 
32, 1, p. 357 (Nov. 11, 1919). 


2 E. C. Pickering, Proc. Am. Acad. Arts and Sci. 9, 1 (1873) :21, 294 (1885). 
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The general principle of the instrument, i.e. the polarization 
method of gloss measurement, has been already described,’ but 
may be briefly reviewed. Light from a source subtending a cer- 
tain solid angle—in this case .038, i.e. a 44. 5mm diameter circular 
aperture at 203mm distance—falls on the surface of paper at an 
angle of approximately 57.5 degrees. Part of this light is diffusely 
reflected and part specularly, the latter being shown by experi- 
ment to be (almost) completely plane polarized. The instrument 
accordingly measures gloss in terms of the fraction, which is 
polarized, of the light entering the eyepiece from the paper, that 
is, in terms of the fraction of its brightness which is due to polar- 
ized light. 

In the new optical system of the polarimeter the light passes in 
turn an adjustable slit, Wollaston prism, convex lens, and nicol 
rotating in graduated circle. The object of the lens is to throw 
the slit sharply in focus and to throw out of focus the paper 
surface so that its minute irregularities will not appear. It also 
allows the instrument to be shortened somewhat. 

On looking in the eyepiece one sees the two images of the slit 
formed by the double-image prism. These are brought into focus 
by pulling in or out the tube carrying the slit, and the slit width is 
adjusted until they form a clear bi-field with sharp dividing line. 
The nicol is then rotated until they are of equal brightness. Then 
if D? and S? represent the intensities of the diffusely and specularly 
reflected light (so directed as to enter the eye) before entering 
the Wollaston, and if the latter is set so that the specularly 
reflected light is completely extinguished in the lower image, the 
brightness of the upper and lower images—before nicol is inter- 
posed—will be proportional to D?/2 + S* and D*/2, respectively. 
When they are viewed through the nicol and balanced by turning 
its principal plane through an angle A from parallelism with that 
of the lower slit image, we have 

(D?/2 + S?) sin? A = D?/2 cos* A 
from which we readily obtain 
Ss? 
D? + S? 
3 Electrical World, loc. cit. 


= cos 2A 
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or the percentage polarization is given at once in terms of the 
cosine of a double angle. 

The gloss may be expressed directly in terms of this per cent of 
polarization, if desired, and indeed it was formerly recommended 
that this be done. It is a mistake, however, to imagine that this 
furnishes a scale of measurement which is absolute,‘ since it will 
vary with the angle subtended by the source, and the last is 
essentially arbitrary. If one is to be arbitrary then, it is believed 
better to be frankly so in this case and express the gloss in the 
most convenient fashion, i.e. directly in terms of the reading of the 
circle, the latter being divided in ordinary degrees. 

The worst that can be said of such a scale is that it is at least 
as rational as the Fahrenheit thermometric scale, and the best 
that it is practical, convenient, direct-reading and involves no 
manufacturing difficulties. On the scale chosen a very low gloss, 
such as that of blotting paper, reads about ‘20 degrees,” while 
a high finish—glossy Azo or Solio—comes in the neighborhood of 
50. As determinations may be made to the tenth of a degree we 
may distinguish between these limits a possible 300 gradations 
of gloss. Ordinary magazine paper runs between 25 and 40 
degrees and the stock on which the OpticaL SocteTy JOURNAL 
is published averages about 30. It is hardly necessary to add 
that all the instruments will be set so that they read the same, 
with a small calibratien correction to be used for accurate work. 
If one wishes to express gloss in per cent as explained above it is 
only necessary to make settings at each of the two possible points 
on the scale, e.g. at 34 degrees, say, and 86 degrees, and take the 
cosine of the difference. 

The external features of the new Glarimeter are shown in the figure 
although certain improvements which add to the convenience of 
operation have been incorporated since this photograph was 
taken. It makes a fairly rugged, compact, portable instrument 
with which gloss determinations may be quickly made (15 to 20 
seconds) without any darkening of the room. It is accordingly 








‘Dr. Nutting in a criticism, Electrical World, 63, 1156 (1914), of my original 
paper suggests a scale which may be considered absolute but it is doubtful wisdom 
to apply it here. ‘See also Electrical World, 64, 35 and 717 (1914). 
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an essentially practical instrument equally suitable for mill or 
laboratory use. Nor is its application limited to papers, for it 
may be used with any surface which does not show metallic 
reflection. Indeed, in somewhat different form it might prove 
useful in connection with the finishing of fine furniture or auto- 
mobiles or in determining the gloss of paints, textiles, walls, etc. 
The limitations of the polarization method of paper gloss measure- 
ment may be considered for a moment in closing. While it gives 
a direct measure of the “optical smoothness” or glare-producing 
property it does not primarily measure the “mechanical smooth- 














One Form of Glarimeter 


ness” or quality which determines the reproduction of half-tones, 
and it might at first sight be thought that this would seriously 
limit its use. Such, however, is not found to be the case. The 
calendering process which gives the finish to the surface increases 
at the same time the optical and mechanical smoothness and in 
sensibly the same proportion; the measure of one then serves to 
determine the other as well. It is true that one might imagine 
exceptions to this—e.g. a smooth-finished paper which has been 
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punctured with fine pin-holes: this would still show a high gloss 
but would be, on the burr side at least, mechanically rough— 
but such as a rule are highly artificial and never met with in 
practice. Experience shows that, for any given type of paper, 
the glarimeter serves every purpose for testing and controlling 
the uniformity of the calendering process. 

When we have under consideration at one time, however, radi- 
cally different sorts of paper surfaces we cannot generalize so easily. 
To assume that glarimeter readings alone would serve as an exact 
measure of the half-tone possibilities of any paper, without refer- 
ence to the character of its finish, coated or uncoated, etc. would 
be obviously ridiculous. This consideration applies particularly 
to colored papers, where a darkening of shade increases the gloss 
reading. That this must be so is readily seen by remembering that 
darkening reduces the amount of diffusely reflected light while it 
alters only in a minor degree the specularly reflected portion: ex- 
periments with solio paper of various shades show this effect very 
well. It may be said, however, that only in special cases does this 
affect the usefulness of the instrument. It is found in practice 
that good settings on colored papers are obtainable when a piece 
of colored glass is inserted in the eyepiece, and while this should, 
theoretically, be of the color of the paper, a light red stained glass 
works very well in practice with a variety of colors. 

PHysIcaL LABORATORY, 


UNIVERSITY OF WISCONSIN. 
Feb. 7, 1921. 





THE INTRINSIC INTENSITY OF LIGHT TRANSMITTED 
THROUGH A SLIT AS A FUNCTION OF THE WIDTH 
AND DEPTH OF THE SLIT AND OF THE WAVE 
LENGTH OF THE LIGHT 
BY 


L. P. Stec anp A. T. FANT 
INTRODUCTION 


It appears that very little work has been done on the absorption 
of light by a narrow, deep slit. This offers a very interesting prob- 
lem, for even a simple observation indicates that there is appar- 
ently a much stronger absorption than one might anticipate. In 
addition there is a strong polarization of the light. This latter 
phenomenon is very striking, but it has not been studied quanti- 
tatively in this first work. Rayleigh’ has treated theoretically the 
polarization of light transmitted by a narrow slit in an infinitely 
thin, opaque screen. That work serves in this present instance 
principally to enable us to define a “deep” slit. A “deep” slit 
shall here be considered as one which causes polarization of inci- 
dent natural light such that the electric vector parallel to the 
length of the slit is greater than that perpendicular to the slit. In 
this sense it is well nigh impossible to attain to a thin slit. Even 
a thin scratch in a very thin silver film on glass constitutes a 
“deep” slit. Stewart? noticed strong polarization and absorption 
by a narrow slit in a thick screen in some experiments performed 
inanotherconnection. It was thought a matter of interest, and of 
some importance to investigate the intensity of light transmitted 
by a deep slit as a function of the width and depth of the slit, 
and of the wave length of the light. Further work should be done 
on the variation of the material constituting the jaws of the slit. 





? Rayleigh. Roy. Soc. Lond. Proc. A, 89, p. 194, 1913-14. 
2G. W. Stewart. Abstract. Phys. Rev. 5, p. 73, 1915. 
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APPARATUS AND METHOD OF PROCEDURE 
A sketch of the arrangement of the apparatus used is shown in 
Fig. 1. Light from a tungsten strip lamp was focused on S, of 


Fic. 1 


Diagram of Apparatus 


the monochromatic illuminator, A. By means of prism P; any 
desired wave-length could be obtained at S,. A lens Ls, placed 
so that S; was at its principal focus, secured parallel light at S;. 
A mirror at M, divided the pencil into two parts, one reflected 
at right angles, the other passing straight through. S; was 
the slit under investigation. It was formed by two plane steel 
surfaces of a pair of Hoke Precision Gauges. One of the gauges 
was clamped securely to the bed of the interferometer, K; the 
other was set in wax in a frame attached to the carriage of the 
interferometer, brought into contact with the first gauge, and 
allowed to remain in that position until the wax had hardened. 
The slit was then placed parallel to the direction of the light. 
A template, D, prevented any light from passing below or above 
S;. A short focus lens was placed at L;, the center of the edge of 
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Ss nearest it being at its principal focus. This pencil was then 
brought to a focus by L, on a series of parallel silver bands between 
two right-angled prisms, P;. The image of the near edge of S;, 
thus formed, was viewed through a low power microscope at C. 

That portion of the light which was reflected by M, was, by 
means of the mirrors M, and M;, made incident normally on the 
nicols N,N¢, the rotation of one of which enabled one to match the 
intensities of the two images in P;. By means of L; the light com- 
ing through N,N, was focused on the silver bands in P;. Thus 
there was formed at P, a continuous band of light; the portion 
reflected from the silver being the image of the near edge of S;, 
and the portion seen between the silver bands being the image 
of S:, formed by the light coming by way of M,M.,M;. It was 
found by careful trial that the results were not appreciably altered 
by placing the microscope, C, in line with S,S;; and this position 
being more convenient, the final measurements were taken with 
that arrangement. By means of an auxiliary mirror at M, and the 
spectrometer, B, the mean wave-length of the light used was de- 
termined. 

Denoting by Jo the intensity transmitted through the nicols 
when the angular separation of their transmission planes is zero, 
the intensity, J, for any other angle of separation, 8, is 

I =I,cos’® (1) 
For a wide opening of S; the intensities of the images at P; were 
made equal by the use of a neutral tint glass in conjunction with 
the nicols. Letting Jo =1, since only comparative values are 
wanted, (1) becomes, 
I =cos’? (2) 
After S; is opened to a certain width, the image at P, becomes con- 
stant in intensity, any further opening of S; simply serving to 
make the image wider. Hence intrinsic intensities are obtained, 
not total transmitted light. 

Contact of the surfaces of S; was determined, after thoroughly 
cleaning the surfaces, by the deflection of a galvanometer, G, 
placed in series with a dry cell, and the surfaces of S;. Then by 
means of the interferometer screw the separation of the surfaces 
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was ascertained. For each width of S;, three independent settings 
of Nz were made, and the mean relative intensities were thus ob- 
tained. 
RESULTS 

The results, reduced to tabular form would occupy more space 
than is desirable. However, their essential character can readily 
be represented by a few typical curves. These are drawn to 
illustrate three separate relations; J as a function of w, \ and L 
constant (Fig. 2); J as a function of L, \ and w constant (Fig. 3); 
and J as a function of A, w and L’constant (Fig. 4). In the above 
d represents the wave-length, w the width of slit, and L the 
depth of slit, all expressed in cms. The full line curves represent 
the experimental results: the broken line curves represent certain 
calculated results based on two assumptions to be discussed in the 
next section. 
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The intensity as a function of the width of slit, for various depths 


THEORETICAL CONSIDERATIONS 
Undoubtedly the passage of a wave through such a deep channel 
is a complicated matter, in which diffraction, selective reflection, 
and possibly interference are the chief factors. An accurate test 
of any theory would necessitate a knowledge of the reflection 
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The intensity as a function of the depth of slit, the 


The intensity as a function of the wave-length, 
width and wave length constant 


the width and depth constant 


constants of steel (in this case) for both electric vectors, for many 
angles of incidence, and for all wave-lengths employed in the 
experimental work. Only one set of such constants, that recorded 
by Drude’ for sodium light, has been found. Steel is such a 
variable substance, that one is in some doubt as to the validity of 


applying his results to the particular samples chosen for this work. 
Let us assume a wave front, o incident normally on a slit of 
depth L, and width w (Fig. 5). Consider a point on o from which 
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* Drude. Winckelmann’s Handb. der Phys., Vol. III, p. 823. ist Ed. 
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a pencil is diffracted through an angle 6. The intensity of this 
diffracted pencil is proportional to sin? a / a’, where a is an auxili- 
ary angle defined by the relation 


ee ee ee (3) 
r 


From Fig. 5 we have 
Oem Ca ON Bin 0 nti s cts wT ed vnkceee da (4) 
where we assume m to be some integral number. It can readily 
be shown that the number of reflections of a diffracted pencil 
before emergence from the slit is m. Substituting for 6 in (3) 
its value given by (4), we obtain 
Pes. SESE emer nee (5) 
AV mv? + L? 
Since m*w* is small as compared with L?, we may write 
xu" m 
~ a 
Negative values of @ can be neglected on account of symmetry. 
Plotting the relation J=sin *a/a?, we obtain the well-known 
(full line) curve in Fig. 6. Beyond a = = there is a series of 


Fic. 6 
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Diffracted intensity as a function of the auxiliary angle a 
rapidly decreasing maxima, which we shall here neglect. The 
entire area under this curve is x, and the area under the curve 
from a = 0 toa = x was calculated to be approximately 0.45 r. 
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If we assume the intensity of the light passing through a given 
slit, which is infinitely thin to be unity, the resultant intensity 
of light passing through a given deep slit will be given by the 
following expression, 








i=m |; r (;) i=m .-.2. (i) 
1 1 sin*aj sin*a; " 
= 5 ee z ——i, +2 ; Ry }------------ (7) 
0.45¢ m 2] jag % img 1% 


where a; represents the value of a for i reflections, R, and R, the 
reflection constants for the electric vector parallel and perpendicu- 
lar respectively to the plane of incidence, and m the number of 
reflections when a = x. Strictly the expression (7) sums up, 
not a smooth curve, but a series of rectangles, which more and 
more closely approximate the curve as m increases. A more 
rigorous expression than (7) could be formulated as a definite 
integral, but when one realizes that the R’s are not constants, 
but are complicated functions of the angles a, the wellnigh insuper- 
able difficulty of evaluating the series becomes apparent. A 
substitution of Drude’s‘ values in (7) for a typical case, yielded 
results that conformed in a general way with the curves of Fig. 2, 
but it was quite apparent that the reflection constants given by 
him were larger than those in the present work. 

In view of the difficulty of using even (7), the following, ad- 
mittedly somewhat crude method was employed. Its chief 
merit consists in the fact that the results obtained by it agree 
fairly well with the experimental results, and that the labor of 
computation was much abbreviated. 

Then for the sake of simplicity, as stated above, let the intensity 
curve (Fig. 6) be replaced by a straight line running from J = 1 
ata = 0,to] = Oata = 160°. From (6) we see that ais directly 
proportional to m. Hence an m can be found that will make a 
any desired value. Thus with a given depth of slit, L, and a 
given A, we can assume various w’s, and for each w we can deter- 
mine a for one reflection. To obtain the number of reflections 
for a = 160° we have merely to divide 160° by the value just 
determined for m = 1. 





* Drude, loc. cit. 
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Let a represent the ordinate (Fig. 6, dotted curve) at a=0, and 
m the number of reflections. The second ordinate is then, a—a/m; 
the third, a— 2a/m,etc. The intensity is given by the areas of 
these strips, each multiplied by the reflecting power, R (merging 
R, and R,), raised to the power (m-1). Since we wish to call the 
length of the base unity, the base of each strip is 1/m. Hence 
the expression for the intensity is 
3 a + (a-a/m) + (a-a/m) + (a-2a/m) 





I= = 5 ) Be ccunvsd 
+ [a—(m-1) simi t [a-ma/m) ret 





which reduces to 
a {= + R™ - (2m + 1)R + (2m-1) 











2m? (1-R)? (8) 
Applying this to the present problem we have 
= oe suit R~66 
180 9x? 


For m we must employ the nearest integer, and m should not be 
smaller than about 5. Substituting in (8) the values for a and R, 
we obtain 
ies 1 
0.32m? 

For widths of slit for which m was smaller than 5, the full line 
intensity curve (Fig. 6) was employed, and areas were directly 
counted. 

The broken-line curves of Figs. 2, 3, and 4 represent the results 
obtained as described above. In Fig. 2, (1) is the experimental 
curve, (1') the corresponding theoretical curve, etc. 





0.6"+1 + 0.6" 40.8 m- 1.6} (9) 


DISCUSSION OF RESULTS 


In attempting a possible explanation of the experimental curves 
(Figs. 2, 3, and 4), two simple assumptions have been made; 
first, that the light is diffracted at the entrance to the deep slit; 
and second, that this diffracted light is weakened through succes- 
sive reflections. These lead to results that fit the experimental 
curves approximately, with the exception of the case represented 
in Fig. 4. The differences undoubtedly arise from the rather 
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rough assumptions, made for the sake of simplicity. The essential 
character of the curves is, however, with one exception, true to 
experiment. Those results in which J is plotted as a function 
of \ cover a much smaller range of values than do those others 
where J is a function of w, and of L. The change of J with the 
wave-length is small, and the discrepancy may not be so serious 
as it at first appears. 

In practice then, even with very thin slits, a certain width of 
slit must be attained before the intrinsic transmitted intensity 
is approximately constant. Indeed, the strong polarization 
of light transmitted through narrow slits is of itself sufficient 
evidence that at least all of one vector is completely suppressed. 
This result in practice probably applies only to an instrument 
wherein intensities are matched quantitatively by permitting 
light to pass through a slit of variable width, particularly when 
the widths are small. In such cases serious error would result. 


STaTE UNIVERSITY oF Iowa, 
Jan. 1921. 





THE PHOTOCHEMISTRY OF THE SENSITIVITY OF 
ANIMALS TO LIGHT' 
BY 


SeLic Hecut 


The stimulation of certain animals by light furnishes the 
opportunity for an objective and quantitative analysis of the 
underlying mechanism of photoreception. The reason for this is 
that both the stimulus,—light,— and the response of the animals, 
—a qualitatively invariable retraction reflex,—are capable of 
precise and easy control. Fortunately the characteristics of 
this sensitivity are not peculiar to these particular animals 
(a clam and an ascidian), but are to be found in one form or 
another generally distributed among animals possessing a light 
sense. The present analysis is therefore of broad application 
in its fundamental ideas. 

The characteristics referred to are as follows. (1) A measurable 
interval, the reaction time, intervenes between the beginning of 
the application of the light and the beginning of the response. 
(2) A response is elicited only when the intensity of illumination 
has been increased. (3) Once a response has been given to a light, 
the continued application of the same intensity fails to produce 
any additional effect. (4) If, following this, the animal is placed 
in the dark, it soon recovers its sensitivity to the intensity which 
had become ineffective. The investigation of each of these 
characteristics has resulted in the formulation of certain principles 
and in the postulation of an hypothesis for their explanation. 

A study of the reaction time shows first that it represents 
practically the time taken up in the sensory process alone, the 
conduction of the impulse and the early part of the response 
taking almost no measurable time in comparison. Second, it 
shows that the reaction time represents two definite intervals. 





1 Abstract of a paper delivered at the Symposium on General Physiology, held 
by the American Society of Naturalists on Dec. 30, 1920, at its Chicago meetings. 
The data on which this summary is based may be found in a series of articles in the 
Journal of General Physiology from 1918 on. 
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The first is the sensitization period, or the time during which 
illumination is actually necessary. The second is the latent 
period, or the time during which the animals may be in the dark, 
and at the end of which the animal gives its response as if it had 
been illuminated all the time. In the clam, Mya arenaria, the 
sensitization period may be 1/100 second or even less, depending 
on the intensity. The latent period, however, is constant, and 
lasts about 1.5 seconds. The discovery of the complexity of the 
reaction time opened up the field for quantitative investigation. 

The action of light in the photosensory process is probably 
photochemical. Experiments show that this action possesses the 
ordinarily well-demonstrated properties of photochemical re- 
actions. First, the relation between the intensity of illumination 
and the sensitization petiod, or time of necessary exposure, 
follows the Reciprocity Law of Bunsen and Roscoe. The product 
of the two variables is equal to a constant. Second, the tempera- 
ture coefficient for the action of light on the sensory activity of 
these animals is very low, near 1 for a rise of 10° C. This is in 
contrast to the temperature coefficient of ordinary chemical 
reactions which is usually between 2 and 3. Therefore, no matter 
what the temperature, a definite quantity of photochemical 
transformation is required to produce a stimulating effect. 

The light adaptation of these organisms is well marked. They 
fail to give more than a single response even to intense sunlight. 
Dark adaptation is equally prominent. Studies of the rate and 
course of dark adaptation furnish the clue to the photosensory 
mechanism. In the dark the quantity of light required to elicit 
a response is at first very large. Gradually the amount of light 
necessary for a response decreases, at first rapidly, then more 
slowly, until after a definite interval it becomes a constant 
minimum. This means that less and less photochemical decompo- 
sition is required during dark adaptation to produce the same 
response. 

During light adaptation the light decomposes a sensitive 
substance, and at the same time causes a decrease in sensitivity. 
During dark adaptation it is possible that the return of sensitivity 
is the result of the formation of fresh sensitive material. If we 
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assume that the action of light is to break up a sensitive substance 
into its precursors, and that in the dark these precursors reunite 
to form the sensitive material, all the data acquired in these 
experiments may be explained in terms of the kinetics and 
dynamics of chemical and photochemical reactions whose general 
properties are well known and mathematically predictable. 

The course of dark adaptation is found to follow with great 
accuracy the kinetics of a bimolecular chemical reaction. There 
are therefore ‘wo precursors (P and A,—precursor and accessory) 
uniting to form the sensitive material (S$). The reversible photo- 
chemical reaction is then 

light 
S=P+A 
“dark” 


and all the results fit this stoichiometric equation remarkably 
well. Moreover, certain predictions which can be made from it, 
have been tested, and have been verified on a number of occasions. 
For example, the “dark” reaction, P+A-—>S, is an ordinary 


chemical reaction. Its temperature coefficient should therefore 
be between 2 and 3 for 10° C. This reaction represents the 
process of dark adaptation, and experiments show that dark 
adaptation in these animals has a temperature coefficient of 2.4. 

The phenomena so far considered are those concerned with 
the sensitization or exposure period. But these animals possess 
a very definite latent period which very frequently is of longer 
duration than the sensitization period. A study of the latent 
period shows that it represents the duration of a process closely 
connected with the products formed by the primary photochemi- 
cal reaction. _The velocity of this process turns out to be a linear 
function of the concentration of precursors, P and A, formed by 
the light. 

From this and other evidence the following explanation of the 
latent period has been proposed. During the latent period 
an inert material, L, is changed into a chemically active substance, 
T, which then acts on the nerve to produce the outgoing sensory 
stimulus. This reaction, L—+T, is catalyzed by the presence of 
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the freshly formed photochemical decomposition products P and 
A. 

Thus the latent period reaction becomes really the principal 
reaction in the sensory process. It is all set and ready to go, 
and requires only that the light change S into P and A so that the 
latter can catalyze the transformation of L into T. The whole 
photosensory mechanism may then be summed up in the two 
reactions 


S~>P + A; L\||P+A||—-T 


in which ||P+A|| means catalysis by one or both of the pre- 
cursors. The first reaction occurs during the sensitization period; 
the second during the latent period. 

This rather concrete hypothesis has proved to be a useful 
tool in getting further knowledge, because of experiments designed 
to test it in various ways. A few of these tests may be briefly 
mentioned. The latent period is supposed to be a simple reaction, 
perhaps an oxidation. Its behavior with the temperature should 
therefore follow the equation deduced by Arrhenius for the 
relation between the velocity constant and the absolute tempera- 
ture. Experiments show that the reaction L—>T does follow this 
prediction accurately. Moreover, the value of the constant p= 
19,680, found for the reaction is in accord with those usually 
found for hydrolyses, oxidations, etc. in pure chemistry. 

Another test concerns the interrelations between the exposure 
and the latent period. If the intensity of the stimulating light 
is constant, the velocity of the latent period reaction is found to 
be directly proportional to the time of exposure. On the other 
hand, if the time of exposure is kept constant, and the intensity 
varied, the velocity of the latent period reaction is found to be 
proportional to the logarithm of the intensity. If now both 
time and intensity are varied, the velocity should be proportional 
to the product of the time and the logarithm of the intensity. 
Experiments prove this to be true. 

A perhaps more significant application of the hypothesis 
has been made to the dark adaptation of the human eye. A 
proper analysis of the dark adaptation data has shown that 
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the process in the human eye is fundamentally similar in principle 
to the process occurring in the clam and the ascidian. As a 
result there has been opened up a new field of investigation in 
retinal photochemistry which may some day enable us to possess 
a reasonable theory of vision. 
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PHOTOGRAPHIC REPRODUCTION OF TONE 


BY 
Loyp A. Jones 


The ideal pictorial representation of any object or group of 
objects is one that produces when viewed by the observer exactly 
the same visual sensations as are produced when the objects 
themselves act as the source of visual excitation. The problem 
of finding how closely this ideal may be approached in practice 
has engaged the attention of workers in the field of photography 
for many years, and is commonly referred to as the problem of 
“tone reproduction.” There are many phases of the subject to 
be considered, and a complete treatment requires a careful 
analysis of the factors upon which depends the operation of our 
visual perception of space and spatial relations. A complete 
analysis, therefore, leads not only into the realm of physical 
science, but also into those of psychology and philosophy. A 
careful consideration of these factors leads to the conclusion that 
brightness and brightness difference, that is, contrast, are by far 
the most important of those which are reproducible by the 
photographic process. 

It is found in nature that different degrees of brightness or 
tones, as they are frequently called, are produced either by 
variation in the reflecting power of surfaces subject to the same 
illumination or by variation in the illumination incident upon 
various parts of the surface having uniform reflecting power. 
Visibility, normally, is due to differences either in the color or 
brightness of the various objects occupying the field of vision. 
Since, however, a photographic process does not in general 
reproduce color, it may be said that photographic visibility is 
due entirely to brightness differences. The proper reproduction 
of these differences, therefore, is of pre-eminent importance and 
it is with this brightness factor and the possibility of its correct 
reproduction by the photographic process that this paper deals. 

The problem of tone reproduction has frequently been regarded 
as requiring only the correct reproduction of the actual physical 
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brightness and brightness difference. When it is considered, 
however, that a given brightness or contrast may produce an 
entirely different subjective impression, depending upon the state 
of adaptation of the observer’s eye, it is obvious that such a 
treatment of the subject cannot afford a complete solution of the 
problem. The problem may, in fact, be divided into two general 
parts, the one which we term the objective phase dealing with the 
reproduction of the actual physical brightnesses and contrasts, 
capable of being completely solved by purely physical methods. 
The other, which may be termed the subjective phase, includes a 
consideration of those factors which determine the nature of the 
subjective impressions produced by the action of given physical 
stimuli under various conditions and requiring the use of psycho- 
physical methods and data for its adequate treatment. 

Hurter and Driffield,’ who may be considered as the founders 
of the science of photographic sensitometry, treated this subject 
to some extent, but confined themselves to a consideration of 
the objective phase. Lord Rayleigh® also has treated, although 
rather briefly, the objective phase of the subject. F. F. Renwick 
has made valuable contributions to the solution of this problem 
at various times, dealing in particular with the brightness repro- 
duction possible when using the region of underexposure,’ and 
later presenting a more complete treatment of the entire subject 
both from the objective and subjective viewpoints.‘ 

Recently A. W. Porter and R. E. Slade® have published a paper 
on the subject in which they take exception to some of the con- 
clusions reached by Hurter and Driffield and outline the relations 
which they consider essential for the solution of the problem. 
They also deal only with the objective phase, the reproduction 
of the actual physical factors. Following this, two short papers 
of a somewhat controversial nature dealing with special cases 
of the tone reproduction problems have appeared, one by 





* Jour. Soc. Chem. Ind., May, 1890, and Feb. 1891, and B. J. 1894, p. 417. 
? Phil. Mag. Vol. 22 (1911) p. 734. 

* Phot. Jour. Vol. 36 (1913), p. 127. 

* Phot. Jour. Vol. 40 (1916), p. 222. 

5 Phil. Mag. Vol. 38 (1919), p. 187. 
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F. F. Renwick® and the other by Messrs. Porter and Slade.’ 
Finally Mr. Renwick* has published a paper in which he gives 
in detail the method by which he obtained the results previously 
published (loc. cit.) relative to the objective phase of the subject. 
His conclusions are in substantial agreement with those arrived 
at in the following treatment of the subject although a quite 
different graphic construction was used. 

During the past five years a large amount of work has been 
done in this laboratory on the theory of tone reproduction, and a 
satisfactory solution for the objective phase was obtained some 
two or three years ago. Simultaneously with the work on tone 
reproduction, research in the field of visual sensitometry has 
been in progress, which has resulted in data applicable to the 
solution of the subjective phase of the more general tone reproduc- 
tion problem. 

While some particular details of the subjective data are still 
lacking, it is felt that sufficient information is now available to 
establish the general nature of the function necessary for the 
conversion of objective reproduction into its subjective equivalent. 
In the meantime further work is being carried out in order to make 
possible a more precise quantitative evaluation of this function. 


SIMPLIFYING ASSUMPTION 


In order to simplify the subject and bring it within the limits 
of a single paper, it will be necessary to make certain simplifying 
assumptions. Since the sensitivity of the photographic plate to 
radiation of different wave-lengths is in general radically different 
from that of the eye, objects in which color is present have not in 
general the same brightness when considered from the visual 
standpoint as when the evaluation is in terms of the photographic 
plate. 

Let us, therefore, assume that all areas of the object considered 
are both visually and photographically non-selective (i.e., color- 
less), and further that the optical system forming the image 





® Phil. Mag. 38: 637, 1919. 
7 Phil. Mag. 38: 637, 1919. 
* Phil. Mag. 38: 151, 1920. 
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of the object on the negative material is likewise non-selective. 
Under such conditions values of visual brightness are directly 
proportional to those of photographic brightness. Thus this 
treatment will deal with brightness relations uncomplicated by 
any consideration of selectivity. Let us further assume that all 
photographic deposits considered are also non-selective in order 
that visual and photographic density values may also be con- 
sidered as identical. 


THE CyYcLe oF TONE REPRODUCTION 


In Figure 1 is given a graphic diagram, which although it may 
be somewhat fanciful will convey a more concrete idea of the 
problem than a mere verbal statement of the case. 


Fic. 1 


Graphic Diagram of the Cycle of Tone Reproduction 


For the purpose of discussion it is found convenient to divide 
the cycle into ten distinct steps and these are designated by the 
Roman numerals enclosed in the small circles. 

The first phase, indicated by I, is the subjective object which 
is defined as the subjective impression existing in the brain of the 
observer and resulting from the action of the retinal image of the 
object (II) considered. This subjective impression may be 
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considered as the fundamental starting point in all tone repro- 
duction problems, and is the thing which is to be reproduced. 

The second phase is the object itself represented by the black 
cross,(II). While it may be convenient in some cases to interpo- 
late one or more distinct steps between this actual physical 
object and the subjective impression due to this observation, 
such intermediate steps are unnecessary in the present discussion. 

The third phase (III) is the image of the object formed on the 
negative sensitive material by some type of image forming 
system. This image when allowed to act through some finite 
period of time, t,, produces upon the negative sensitive materials 
an exposure (IV) indicated in the diagram by the shaded cross. 
The exposed material is then subjected to various chemical 
operations such as development, fixing, washing, etc., the result 
being the fifth step in our cycle, the negative (V). The image (VI) 
of this negative is then formed either by contact or projection 
upon the positive sensitive material and forms the sixth step in 
the series. This image acting during a period of time, t,, results 
in an exposure (VII) on the positive material which after develop- 
ment, fixing, or similar chemical processes is converted into a 
positive (VIII) the eighth step in the cycle. When the positive 
thus produced is illuminated it becomes the material reproduction 
(IX), and a comparison of the characteristics of this material repro- 
duction with those of the object constitutes a complete solution 
of the tone reproduction problem from the objective standpoint. 
An image of this object is formed on the retina of the observer 
and creates in his mind an impression which we shall designate 
as the subjective reproduction (X) the last step in the cycle of 
tone reproduction. The evaluation of this subjective reproduction 
in terms of the subjective object constitutes a complete solution 
on the tone reproduction problem from both the objective and 
subjective viewpoints. In practice it may be more convenient 
to consider the object (II) as the starting point of the cycle 
and to express finally the characteristics of the subjective repro- 
duction evaluated in terms of the subjective object as a function 
of the characteristics of the object itself. This follows largely 
from the fact that it is possible to measure directly by ordinary 
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physical means the essentia! characteristics of the object while 
the characteristics of the subjective object must be deduced 
in an indirect manner from the knowledge of the characteristics 
of the object itself and of the condition of the observer’s eye 
at the time considered. 

In Fig. 2 is given a schematic diagram somewhat analogous in 
structure to the graphic diagram in Fig. 1, but expanded so as to 
include not only a statement of the nature of each phase of the 
problem but also the particular data necessary for the specifica- 
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Schematic Diagram of the Cycle of Tone Reproduction 


tion of each phase and the factors required for the transformation 
of the data relative to one phase into that relating to each of 
the contiguous phases. 

In the small circles designated by the Roman numerals from 
I to X are the designations of the ten steps in the process corre- 
sponding to the graphic diagram of Fig. 1. The radial line extend- 
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ing outward from each of these circles connects with the enclosure 
in which is a statement of the essential characteristic or attribute 
which from the standpoint of this problem completely specifies 
the particular phase considered. For instance, in the case of the 
object (II) the essential data relative to this phase are the values 
of the brightness, B,, of the various areas, while in the case of 
the negative, complete specification of its characteristics is given 
by values of density, D, or transmission, T,. In the approxi- 
mately rectangular enclosures marked, A, B, C, etc., are given 
the transformation factors required for converting the data 
relative to one phase into that of the next. For instance, if the 
brightness values, B,, of the various areas of the object be known 
and it is desired to compute the illumination of the image formed 
on the negative sensitive material, such computation can be 
carried out if the value of K, the constant of the image forming 
system is known. Likewise illumination may be converted into 
exposure by the transformation factor /,, the exposure time. 
A careful study of Fig. 2 will convey an excellent idea as to the 
various factors which must be considered in the treatment of 
this problem. The final comparison between I and X as indicated 
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at the top of the diagram gives the desired information relative 
to the quality of tone reproduction obtained in any specific case. 


TERMINOLOGY AND SYMBOLS 


Since the problem to be treated involves so many operations, 
materials and inter-relations, it is very necessary to adopt at the 
outset a logical system of terminology and symbols. The essential 
factors belonging to what we may term the thing category are as 
shown in Part I, Table 1, the symbols adopted being as indicated 
in the symbol column. The essential characteristics or attributes 
descriptive of or applying to these things are given in Part II to 
Table 1 with the symbols adopted. When any characteristic 
applies to some particular factor in the thing category this is 
indicated by attaching the symbol of that thing as a subscript 
letter to the symbol of the characteristic in question. For in- 
stance, B,,, indicates the brightness of the material reproduction, 
while E, should be read as the exposure on the negative sensitive 
material. This system of nomenclature, it will be noted, is applied 
in Fig. 2. 

Fic. 3 Fic. 4 






































40 
Characteristic Curve of Negative Material Characteristic Curve of Positive Material 


CHARACTERISTIC DATA 


Some of the data necessary for the solution of this problem are 
contained in the characteristic curves of the photographic mate- 
rials and of the retina. As illustrative of these important groups 
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of data, the characteristic curve of a typical negative materia] 
is given in Fig. 3. This contains the necessary information 
for the transformation of exposure into the resulting negative 
density. In Fig. 4 is given a typical example of the character- 
istic curve of the positive material, while in Fig. 9, which will 
be described in detail later, are given the curves of retinal sen- 
sitivity which enables an evaluation of the sensation resulting 
from the action of the physical stimulus to be made. 


GRAPHIC SOLUTION 


Having considered thus briefly the problem as a whole, the 
data necessary for the solution, and the separate steps in which 























Graphic Solution for the Objective Phase of Tone Reproduction 
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it can be conveniently divided, we will proceed to a consideration 
of how all the various factors may be combined in order to obtain 
the desired solution. In Fig. 5 is given a graphic solution of the 
objective phase of the problem. . 

This consists of a four quadrant diagram in which are plotted 
the characteristic curves of negative and positive materials and 
the curve resulting from a combination of these two which 
represents the quality of reproduction obtainable by the use of 
these materials and which we shall refer to as the reproduction 
curve. Along the line OX of the second quadrant is laid out a 
logarithmic scale on which may be plotted the brightness values 
of the various areas of the object considered. Below this scale 
is plotted the characteristic curve of the negative material, the 
ordinates being values of density and the abscissae values of 
log exposure. (log E,). This curve must be determined by 
sensitometric methods such that it is a true representation of the 
characteristics of the negative material when used under the 
conditions existing in the making of the negative. These con- 
ditions include those factors operative in transforming the 
latent into a real image, as well as the necessary physical condi- 
tions relative to quality and intensity of exposing radiation. 

The curve A must be so placed in the horizontal direction as to 
include properly the various points on the log E, scale which 
represent the brightness values of the various object areas. For 
instance, if the point a, represent the brightness of the deepest 
shadow in the object considered, and it is desired to render this 
brightness by a just perceptible density in the negative, or by any 
particular density value the curve A is plotted in such position 
that a perpendicular dropped from the point a, will cut the 
characteristic curve at the desired value of density (D,). Now 
the characteristic curve B, of the positive material is plotted in 
quadrant III. The positions of the necessary co-ordinate scales 
are as indicated in the figure, that is, the scale of exposure, log E,, 
is established along the line X’, X’Y, while the density scale is 
established on the line X’Y’, Y’. This is equivalent to the 
characteristic curve as usually plotted but rotated through 90°. 
The absolute values on the log EZ, scale must be so chosen that 
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when the characteristic curve is plotted it will occupy the proper 
position relative to the curve A in the first quadrant. 

This position of curve B is determined by deciding what 
value of positive density is desired for the rendering of some 
chosen value of negative density. For instance, let it be required 
to render the highest brightness of the object by a just perceptible 
density on the positive. Curve B must then be so placed that a 
horizontal line through the point c, (which we assume to be the 
negative. density representing the highest light of the object) will 
cut the curve B at a just perceptible value of positive density 
(D’p). Now if we take for example three points, @,, b,, c, repre- 
senting various brightnesses of the object and project them 
around as indicated by the dotted lines passing through these 
points on the log B, scale, three corresponding points will be 
located on the line O, X’ designated as a’y, b’», c’». Now if on 
the line OX’ a suitable logarithmic scale, log R», be established 

Fic. 6 
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Curve of Brightness Deviations 
the values read at the points mentioned will give the relative 
reflecting power values of the areas in the positive by which the 
originally assumed object areas are rendered. Values read from 
the log R, scale therefore determine the characteristics of the 
positive. Now this positive becomes a reproduction of the object 
only when illuminated. Along the line OX’ (quadrant IV) is now 
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established another logarithmic scale (log B,,) related to the 
scale of R, by a constant the value of which depends upon the 
illumination incident upon the positive. This scale having been 
properly located and the points projected across as indicated, 
the values of brightness in the reproduction may be directly 
determined. The relation between the values of brightness in the 
reproduction to those of brightness in the object determines the 
quality of objective reproduction obtained. In order to obtain 
a graphic representation of such reproduction quality it is only 
necessary to transfer the points located along the line OX’ to 
the line OY. This is most conveniently accomplished by use of a 
dummy curve, C, in quadrant IV, which is a line passing through 
the origin at an angle of 45° to the X axis. The points on the 
line OX’ are projected onto this dummy curve as indicated and 
thence onto the line OY falling at a,,, Dy, Cmr- 

Now, the points a,, b,, c, in quadrant I are located at the 
intersections of the dotted lines through the points a, b, and c, 
as indicated, and the curve drawn through these points constitutes 
the reproduction curve. The curve of exact reproduction of 
both brightness and contrast is a straight line, E, at 45° to the 


axis and passing through the point O’. The position of O’ is 
again dependent upon the relation between the absolute values 
of the brightness of corresponding points of the object and material 
reproduction. 


The distance between corresponding points, such as, for in- 
stance, a, and a,, on the curves E and D is a measure of the 
magnitude of the departure from exact reproduction of brightness 
of the object area considered, in this case, a,. If, therefore, these 
values be determined for the various object areas such as a,, },, 
and c, and plotted as ordinates at the proper point on the log B, 
scale a curve will be obtained which is a graphic representation of 
the departure from exact reproduction of brightness throughout 
the range of object brightnesses considered. Such a curve is 
shown in Fig. 6. 

A comparison of the slopes or gradients of curves D and E at 
corresponding points gives an indication of the departure from 
exact reproduction of contrast. This departure is most con- 
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veniently expressed quantitatively by taking the ratio of the 
gradient, G,,,, of curve D to G, the gradient of curve E, but G, 
is unity by construction, hence the values of G,, are quantitative 
expressions of the departure from exact reproduction of contrast. 
Since the gradient of any curve is expressed by the first derivative 
of the function a graphic expression of the departure from exact 
contrast reproduction will be obtained by plotting the first 
derivative of curve D. This is shown in Fig. 7. 


Fic. 7 


Curve of Contrast Deviations 


Now referring again to Fig. 5 let B, be taken as the value 
of object brightness at some point on the log B, scale and E£, 
as the value of exposure at the corresponding point on the log E, 
scale. Let K,, the constant of the image forming system, be 
defined by the equation, 

Bo’ Kz = Iz 


where J, is the illumination at some point on the image formed 
on the negative material and B, is the value of object brightness 
at the corresponding point on the object. 
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If ¢, denotes the required exposure time the following relations 
are found 
Ex 
ar ‘Ks 
log tz = log Ex—(log Bo + log Kz) 

The required value of ¢, can therefore be computed. 

Now if the negative is to be printed by contact and J, is the 
illumination on the negative during printing, the necessary 
exposure time can be determined by the relation, 

log ty = log Ey — log In + Dn. 
where log E, and D, are the values read at corresponding points 
on the log E, and D, scales respectively. 

If I, be the value of the illumination under which the positive 
is observed, the brightness of any given area can be computed 
from the relation, 


lx 


log Bmr = log Rp + log Ip, 
and the magnitude of J, will determine the relation between 
the numerical values of corresponding points on the log B,, on 
log R, scales thus establishing the scale of log B,,,. 


The scale established on line OY is identical with that on OX’. 
The point O’ fixed at the point on the line OY where log B,, is 
equal numerically to the value of log B, read at the point O on 
the line OX. 

Many interesting relations between the various factors involved 
can be derived from an analytical treatment of the diagram in 
Fig. 5, and while space does not permit of an extensive treatment 
of this phase one or two interesting results will be mentioned. 
Let the first derivative or gradient of the various curves be desig- 
nated by the general symbol G, and in particular: 


Gn=Gradient of negative characteristic (Curve A) 
G»=Gradient of positive characteristic (Curve B) 
Bmr =Gradient of material reproduction (Curve D) 


It can be shown that 
Ga * Gp = Gmr 
Since for exact reproduction of contrast it is necessary that G,,,= 
1.0 it follows that the equation expressing this condition becomes 
Gu * Gp=1.0 
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This is a general statement of gradient relations and assumes 
nothing as to the shape of the characteristic curves of the material 
used. In the special case involving the use of the straight line 
portions only values of gradient become equivalent to the well- 
known constant of sensitometry T (gamma), and may be written 
T,.T, = 1.0. It should be pointed out, however, in the use 
of positive materials such as developing-out papers that but a 
relatively small portion of the curve is straight. Since the entire 
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Objective Reproduction Obtainable with Specified Materials and Conditions 


range of density must in general be utilized for rendition of the 
density scale of the negative the special case T, . T, = 1.0 is 
of little value in the evaluation of the quality of contrast reproduc- 
tion obtainable. 

It is evident from inspection of Fig. 5 that if any two of the 
curves A, B, and D be known or assumed, the third can be 
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graphically constructed by methods analogous to those used in 
construction D from known values of A and B. 

The applications of the methods outlined to practical problems 
are too numerous to mention in detail at this time. However, 
a specific example, Fig. 8, is shown. This illustrates the reproduc- 
tion resulting from the use of obtainable negative and positive 
materials, the characteristic curves of which have been carefully 
determined by sensitometric measurements in this laboratory. 

The object is assumed to have a contrast of 40 with B, max = 
1000 (apparent meter candles). The negative material is assumed 
to have a latitude greater than 40 (in exposure units), T« greater 
than 1.00, and log inertia equal to 2.5. The negative characteristic 
may therefore for the purpose of this discussion be represented as 
straight lines. 

In order to show the effect upon reproduction of the extent 
to which the negative is developed, three times of development 
are assumed and the construction carried through for each. 

The positive material used is specified by the curves B,, Bz, and 
B; and has a standard exposure of 100,000 (m.c.s.) 

This construction is so adjusted that in each case the highest 
light in the object is reproduced by a just perceptible deposit in 
the positive. 

Values for various factors are assumed as follows: 

Kz=.01 

In=1000 (m.c.) 

Ip=851 (m.c.) 
By use of the relations previously derived the value of ¢,, and t, 
were computed and found to be 


tz = .0126 sec. 
ty (case 1)= 70.8 _ sec. 
ty (case 2)= 135.6 sec. 
ty (case 3)= 250.0 sec. 
and from the relation 
Ym. Vp = Ver 
Ymr (curve D,)= 1.01 
Ymr (curve D,) = 1. 17 
Ymr (curve D;)= 1.34 


The reproduction curves obtained by the graphic construction 
are as indicated at D,, De, Ds. 
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From a consideration of Fig. 8 a conclusion of considerable 
importance in practical work may be drawn. This relates to the 
problem of choosing the printing paper best adapted to a given 
negative or the inverse problem of making a negative of the 
proper quality for printing on a given printing paper. Consider- 
ing Curve B, it will be seen that the useful portion is limited by 
the points m and m. On portions of the curve lying outside of 


, 


? _is so small as to be practically 
log E, 


useless in the reproduction of difference in E,. Now in practice 
it is, in the great majority of cases, desirable to render the deepest 
shadow (lowest brightness) by the maximum useful density of 
the printing material, and at the same time to render all of 
brightness differences of the object as density differences in the 
finished print. If the density in the negative by which the highest 
light of the object is rendered be designated by the symbol 
D,max, and that negative density which renders the deepest 
shadow be designated by D,min, it is evident in order to fulfill 
the condition stated in the previous sentence that D,max. 

D,min. = ES,. The quantity (D,max— D,min.) = DS, is 
termed the “density scale of the negative’ and applies to a 
particular negative. This term (DS,) should not be confused 
with the similar term DS, which applies to the negative material 
itself with a meaning exactly parallel to that of DS, as applied 
to the positive material. 

From a consideration of Fig. 8, it will be seen if the negative 
and printing paper be such that DS, = ES,, that all of the 
density differences in the negative will be rendered as density 
differences in the print and further that the maximum negative 
density will be rendered as the minimum useful density of the 
printing material, while the minimum negative density will result 
in the maximum useful density in the print. Such procedure of 
course results in a diminished contrast in the extreme shadows 
and highlights due to the shape of the characteristic curve of the 
printing paper, even though (as is usually possible) all of the 
object brightnesses are rendered on the straight line portion of 
the negative curve. Of two printing papers having identical 


these limits the gradient 
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values of ES, (and equal to the value of DS, for the negatives 
considered) the better result will in general be obtained by use 
of the one of which the characteristic curve most closely approxi- 
mates to a straight line between the points m and n. While in 
some special cases better results may be obtained by some other 
procedure, it is undoubtedly true that in general the most favor- 
able relation between negative and printing paper is that the 
“density scale” DS, of the former shall be as nearly as possible 
equal to the “exposure scale’ DS, of the latter. 

Since it is not the primary object of this paper to deal with 
particular cases but rather to outline the general theory of the 
subject, the discussion of the objective phase will be closed at 
this point leaving the application to practical problems for 
treatment in subsequent papers. Moreover, a final evaluation of 
the quality of a reproduction cannot be made without a con- 
sideration of the subjective phase of the problem and this will 
now be treated. 
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Retinal Sensitivity Curves of the Retina 


THE SUBJECTIVE PHASE 
Turning now to a consideration of the subjective phase, it will 
be well to discuss more in detail the significance of the curves 
showing Fig. 9. These contain the data relative to the visual 
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sensitivities necessary for the evaluation of the subjective relative- 
contrast function. Curve A gives the relation of the sensation 
to the stimulating brightness. Equal increments on the Y axis 
correspond to equal increments in the sensation, and the bright- 
ness intervals which give rise to these sensation steps can be 
determined from this curve. The shape of this function could 
be established by direct experiments, but since such a process is 
extremely laborious it is customary to arrive at the same end by 
other means. The curve B, the contrast sensibility, is the first 
derivative of the sensation curve, hence if the sensibility be 
measured and the curve B plotted the sensation curve may be 
obtained by integration. The sensibility at a given adaptation 
level is determined by measuring the least difference in brightness 
perceptible under the specified conditions. The least perceptible 
difference, AB, expressed as a fraction of the brightness at which 
it is determined is a direct measure of the sensibility of the eye 
to contrast or brightness difference. The data from which the 
curve B is plotted are from the work of Nutting and Blanchard 
(loc. cit.). The ordinate of curve B at any point is therefore 
equal to the slope of the curve A at the same value of B. Thus, 


if S be the sensation, és = a. The values of the ordinates 
dlog B AB 


of the sensation curve are in terms of sensation units, and the 
construction of such a sensation scale is based on the assumption 
that a just perceptible difference at any point on the sensation 
scale is equal to a just perceptible difference at any other point. 
The basic unit upon which this scale is established is therefore the 
least perceptible brightness difference. 

It should be pointed out that the curves in Fig. 9 are similar 
in shape to those given by Renwick (loc. cit.) but that the absolute 
values of log brightness are very different. This is due undoubt- 
edly to the uncertainty in the value of the unit used by Kénig 
from whose data the curves in question were plotted. Blanchard 
(loc. cit.) has discussed the question and computed the probable 
value of Kénig’s unit as being .044 ml. (approximately). The 
millilambert is the c.g.s. unit of brightness and is equivalent to a 
brightness of ten apparent meter candles or .93 apparent foot 
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candle. The region of maximum sensibility is therefore from 3 to 
250 foot candles (approximately) instead of from 20,000 to 400,000 
as indicated by the curves published by Renwick. In order to 
determine the sensibility for a given adaptation level it is impor- 
tant that the correct abscissae values be used. 

Now, if we consider a specified brightness difference in the 
object viewed with the eye adapted to some brightness level A,, 
it is possible from curve A (Fig. 10) to find the corresponding 
sensation difference; and if the brightness difference between 
the corresponding areas of the material reproduction be known 
together with the adaptation level (A,,,) of the observer viewing 
this material reproduction, it is possible to determine also the 
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The Relation between Sensation and Stimulus 


magnitude of the resulting subjective contrast. A comparison 
of the magnitudes of these two contrast values namely: (a) the 
subjective contrast resulting from observation of the object at a 
given adaptation level, which subjective evaluation it is conven- 
ient to refer to as the subjective object; and (b) the subjective 
contrast due to the observation of the material reproduction at a 
specified adaptation level, which subjective evaluation will be 
termed the subjective reproduction; determines the exactness 
with which the subjective sensation resulting from the observation 
of the object is reproduced by observation of the material repro- 
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duction (the illuminated positive) under the conditions specified. 
It is also possible by similar methods to determine the magnitude 
of the contrast necessary, at any point in the tonal scale of the 
material reproduction, for the exact reproduction of the subjective 
contrast of the object, assuming of course, that the values of A, 
and A,,, are known 
Ao = Adaptation level while observing object 
Amr = Adaptation level while observing material reproduction 

For instance, in Fig. 10, consider an increment of brightness, A 
log B, for which the corresponding increment in the sensation is 
4 S,. At any other point take a second increment in sensation A S, 
such that AS; = ASs. Let the increment in log B corresponding 
to A S. be represented by A log B,. Assume that the increment 
A log Bz applies to some point in the object and that the value 
of Be fixes the adaptation level of the observer looking at that 
object, while for the material reproduction the adaptation is 
conditioned by the value of B, 

Ao = B, 
Am = B, 

Now the average slope of the curve (Fig. 10) over the range 
A log B: is given by, 


Sl (2 = 
. 4= 
- Alog B; 


And the average slope over the interval A log B, is likewise, 
Slope (1) = rane 
Alog B, 
Since A S, = A S; it follows that 
Slope (2) _ Alog B, 
Slope (1) Alog B; 





But the average slope of the sensation curve over any given 
interval is given by the average value of the ordinate, D, of the 
contrast sensibility curve (Curve B, Fig. 9) over the same interval. 
Hence, we may express the values of the slope by the correspond- 
ing values of D and the equation becomes 

Average D, Alog B; 

Average D, x Alog B: 
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It is evident, therefore, if A log B. be the objective brightness 
difference at some point in the object that the equation will give 
the value of the A log B,, the objective brightness difference neces- 
sary in the photographic reproduction for the exact reproduction 
of subjective contrast. In the case illustrated, the interval A log B, 
is less than the interval A log B, thus indicating that a greater objec- 
tive contrast in the reproduction will be required to reproduce 
the subjective contrast due to the smaller objective contrast in 
the object. Changing the numerical subscripts therefore so as to 
indicate that the various factors apply to object and material 
reproduction the exposure becomes, 

Average Do A log Bay 
Average Dur log Bo 
By allowing these finite increments to approach zero as a limit 
we may replace the average values of D by values of the slope of 
the contrast sensibility curve at a point and obtain the expression 
Do d log Bmr 
Dur dé log Bo 
Since previously an assumption of equality of subjective contrast 
(sensation increment) was made this equation is a statement 
of the conditions necessary for the exact reproduction of subjective 
contrast. 


Now the value of a gives the slope of a curve which if 
mr 

plotted in quadrant I, Fig. 5 would be the line of exact subjective 
reproduction of objective contrast. In the graphic solution, 
however, it is more convenient in plotting the reproduction curve 
D and also in the later interpretation of the results to retain the 
line E (of which the gradient is unity) as the line of exact contrast 
reproduction. This can be done by plotting in quadrant IV a 
curve of which the gradient is equal to the reciprocal of the 


D, . ‘ ' 
value —, that is—~- This new function will now replace 
the dummy curve previously plotted in quadrant IV as one step 
in the graphic solution for the objective phase. 
It should be pointed out at this place that this procedure leads 
to a final expression of the exactness of reproduction as a function 
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of B,, the brightness of the object. It is quite possible to obtain 
the final evaluation of the exactness of reproduction as a compari- 
son between the contrast values of the subjective object and the 
subjective reproduction, but in view of the fact that the starting 
point in any tone reproduction problem must be the objective 
brightness values of the object it seems more logical to make 
these values the primary base of the computation and to express 
finally the departures from exact reproduction in terms of these 
physically measured values of object brightness. This necessitates 
the evaluation of the subjective contrast of the reproduction in 
terms of the subjective contrast of the object and a final expression 
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A General Case of the Complete Solution Including the Subjective Phase 


of this complex relation as a function of the object brightness B,. 
The final comparison must therefore be made between the actual 
measured (objective) contrast values of the object and the 
corresponding contrast values of the subjective reproduction 
evaluated in terms of the subjective object. The scale on which 
the points representing the various areas of the reproduction as 
evaluated in terms of this relative subjective contrast function 
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must occupy the line OY in order that the curve representing the 
final reproduction may be graphically constructed with values 
of B, as abscissae, Fig. 11. The required scale constructed on 
line OY will be termed the log B, scale and the relative subjective 
contrast function which is used to determine the distribution of 
the points on the log B, scale will be referred to as the Z function 
and its gradient will be designated by G,,. 
The slope of this function (Curve C Fig. 11) at any point is 
given therefore by G, = ee 
Now it can be shown that the relation between the gradients of 
the several curves (Fig. 12) is expressed by the relation, 
Gn . Gp . Gs = Gr 
Where Gn = Gradient of negative (Curve A) 

Gp = Gradient of positive (Curve B) 

G, = Gradient of Curve C. 

G, = Gradient of reproduction (Curve D) 
If any three of the four functions be known or are assumed the 
fourth can be obtained either by the graphic method or by 
computation. In the most general case such as is represented in 
Fig. 11 no assumption is made as to the constancy of the adapta- 
tion level of the observer as attention shifts from regions of high 
to those of low brightness in the object and reproduction, and 
hence the value of G, may not be constant. However, it is 
probable that the value of G, is in the great majority of cases 
practically constant in which case the curve C becomes a straight 


Dar 
line of which the slope is specified by the value of —. 


eo 

It is well-known that other factors than the brightness of the 
area upon which the attention is fixed (foveal image) influence 
to some extent the adaptation level of the eye at any instant. 
Such factors include the brightness of the surrounding objects 
(i.e., the peripheral images) and the length of time during which 
the attention has been fixed on the area considered. In practice, 
however, the picture being observed occupies a very considerable 
portion of the field of vision, and, further, in the great majority of 
such pictures the actual range of brightness is relatively limited. 
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This is especially true of surfaces viewed by reflected light. 
Further, under the majority of conditions the field of vision not 
filled by the reproduction being considered does not contain 
any area contrasting extremely with brightness of the reproduc- 
tion. It seems reasonable, therefore, to assume that the adapta- 
tion level will be fixed in practice by the brightness of the 
reproduction itself and likewise that the level when viewing the 
object will be conditioned by the object considered. 

The question then arises as to what particular brightness in 
object and reproduction will determine the adaptation level in 
each case. Considering the reproduction as a reflection surface 
the average range of brightness may be taken as 1 to 40 (1.6 in 
log B.) which even at the steepest part of the sensibility curve 
(Fig. 9) does not correspond to an excessive change in value of D. 
The change in adaptation as attention travels from highlight to 
shadow probably is not so great as that indicated by the brightness 
range, being limited to some extent by the stabilizing effect of 
the peripheral images as well as to the time lag of adaptation 
behind the changing foveal stimulus. It seems logical, therefore, 
to assume that A, and A,, are conditioned by the average 
brightness of object and material reproduction and this assump- 
tion will undoubtedly hold for a large percentage of the normal 
-cases, although it may be necessary under extreme conditions 
to take into account the change in adaptation (and consequently 
in the value of D) which occurs as attention shifts from an area 
of one brightness to that of another. 

A special case, therefore, which will probably fit most practical 
conditions depends upon the assumption that the adaptation 
level is conditioned by the brightness of object and reproduction 
half way between (on the log B scale) the highest and lowest 
brightness existing in these things. Such a case is shown in Fig. 12 
where curve C, the relative subjective-contrast function is a 
straight line and D is the curve expressing the quality of final 
subjective reproduction as a function of B,. 

Now if 

Do = Dmr 
G, =1.0 = Ga 
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Special Case of the Complete Solution Including Subjective Phase 


This is the gradient thus far used in the construction of the 
curve C. It is evident, therefore, if average B, and average B,, 
are such that they fall between the limits (Fig. 5) log B = 0.5 
(B = 3.2 ml) and log B = 2.2 (B = 166 ml) that the subjective 
reproduction of contrast will be identical with the material 
reproduction curves already discussed. 

If however, the brightness, B,, of the object and the consequent 
adaptation level, A,, of the observer viewing that object is 
relatively high, while the brightness of the material reproduction, 
B,,,, (the illuminated positive) and the corresponding adaptation 
level, Am, is low, the subjective reproduction will be different 
from the objective reproduction. In this case the contrast 
sensibility D, is greater than D,, and hence the gradient, G, 
of the relative subjective contrast curve is less than unity. 

Dmr 


CG. = 
Zz Do 
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The reproduction curve, D, constructed in the usual way will also 
have a decreased gradient. This indicates that under such 
conditions a loss of contrast occurs due to the subjective factors 
and in order to obtain exact reproduction it will be necessary 
to enhance the objective contrast in material reproduction in 
order to compensate for the loss due to the subjective effect. 
It is evident from these considerations that a picture of a bril- 
liantly lighted scene which is to be viewed under relatively low 
illuminations such as exist in interiors at night should be somewhat 
more contrasty than the scene itself. That is, best subjective 
reproduction will be obtained by a positive in which the actual 
objective contrast is somewhat enhanced. This condition may be 
stated symbolically thus: 
If, 


Do is greater than Dypy 
Gz is less than 1.0 


When G, is less than unity there will be a loss of contrast due to 
the subjective factors. 
On the other hand if, 


Do is less than Dy 
G; is greater than 1.0 


and there will be an enhancement of contrast due to the subjective 
factors. 

Many interesting relations between the various factors may be 
derived and applied to practical problems but the discussion of 
such details will not be taken up at this time. One point deserving 
mention at this time, however, is relative to the values of adapta- 
tion of the eye upon which depend the sensibility values from 
which the slope of the subjective relative-contrast function is 
computed. Few data are at present available as to adaptation 
levels when the visual field is filled by areas of different bright- 
nesses such as exist under practical conditions. Experimental 
work is at the present time in progress in this laboratory from the 
results of which it is hoped more reliable evaluations of A, and Am, 
may be obtained for certain specified practical conditions. When 
these data are available it will be possible by the application of 
the general principles outlined in this paper to arrive at more 
certain conclusion relative to the exactness of reproduction in 
any particular case. 





REPORT ON INSTRUMENTS AND METHODS OF 
RADIOMETRY* 


BY 
W. W. CoBLentz 


I. INTRODUCTORY STATEMENT 


Under this caption a brief outline is given of the most important 
radiometric instruments for present day laboratory work in 
thermal radiation. The measurement of (1) solar, sky, nocturnal 
and stellar radiation, and (2) the study of polarization phenomena 
by means of spectroradiometry, require special apparatus which 
is described in separate reports on this subject. 

Radiometric instruments are used for two classes of work: 
(1) the measurement of total radiation and (2) the measurement 
of thermal radiation intensities in the spectrum. The latter 
requires auxiliary apparatus including a spectrometer and prisms 
of quartz, rock salt, etc. The calibration of the spectroradiometer, 
the precautions necessary for eliminating the effect of stray 
radiation, etc., are described in a separate paper on transmission 
and refraction data of prism and lens material with special 
reference to spectroradiometry.* More specific information on 
various types of spectroradiometers for investigations in absorp- 
tion, emission and reflection spectra, in the ultra-violet, visible, 
and infrared is given in the classified bibliography at the end 
of this report. Various details on the construction and operation 
of bolometers, thermopiles, etc., are given in papers by Coblentz! 
on “Instruments and Methods of Radiometry.” A concise exposi- 
tion of the whole subject of radiometry and spectroradiometry is 
given in Nutting’s “Outlines of Applied Optics.’” 

One of the chief complaints of workers in radiometry is the 
uncertainty of the observations caused by unsteadiness of atmos- 
pheric conditions. Radiometers are essentially of small heat 
capacity and as a consequence are greatly affected by air currents. 
In planning a research, it is therefore desirable to place the 





*Section of 1920 Report of Standar¢s Committee on Spectroradiometry, W. W. 
Coblentz, Chairman. 
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radiometer in a container that can be evacuated, or to make the 
observations on dull, cloudy, windstill days, or in the summer 
when the air is more uniformly heated within and without the 
laboratory. 

The loss of heat by convection is very great. The sensitivity 
of a modern thermopile is doubled and that of a thermocouple 
of fine (0.01 mm) wire is quadrupled, by placing it in an evacu- 
ated enclosure. 

Most of the radiometers to be discussed are non-selective in 
their response to thermal radiation of all wave lengths, and this 
sometimes causes difficulties. Hence in investigations employing 
ultra-violet radiations, (for example, ultra-violet transmission 
and reflection measurements) it is sometimes advisable to use a 
selective radiometer such as, for example, a potassium-hydride 
photoelectric cell. 


Il. THERMOPILES 


Thermopiles are constructed of fine wires of different kinds 
of metal as for example copper and constantan. They function 
by generating an electric current when the alternate junctures 
of these two metals are heated by absorption of thermal radiation. 
The thermopile is therefore less affected by air currents than a 
bolometer which is slightly warmer than the air as a result of the 
electric current constantly flowing through the circuit. Improve- 
ments introduced during the past few years have made the 
thermopile a close competitor with the bolometer in sensitivity. 
It is not so quick in response as is a bolometer, requiring three to 
five seconds to attain a maximum. However, there are but few 
everyday problems requiring instantaneous action. 

The theory of thermopile design has been worked out by 
Altenkirch“ and by Johansen.” The latter finds that (1) the 
resistance of the thermopile should equal that of the galvanometer, 
(2) the radii of the two wires of the element should be so chosen 
that the ratio between the heat conductivity and the electrical 
resistance is the same in both, (3) the heat loss by conduction 
through the wires should equal the heat loss by radiation from 
the junctions, (4) the radiation sensitivity is proportional to the 
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square root of the exposed surface. In an iron-constantan couple 
the theory required the use of iron wire 0.023 mm and constantan 
wire 0.045 mm diameter; and for a Bi-Fe couple, iron wire 0.024 
mm and bismuth wire 0.075 mm diameter. If the diameter of 
both wires were twice as great, theory indicates that the sensitivity 
would be only 0.8 the maximum sensitivity. He used a single 
long junction consisting of a constantan wire 0.03 mm and an 
iron wire 0.015 mm diameter soldered to a strip of silver 10 by 0.2 
by 0.015 mm. 

The earlier form of Ruben’s “ thermopile has been modified by 
Paschen,"* who constructed a thermopile of iron 0.1 mm and of 
constantan 0.08 mm in diameter. The constantan wire was 
4mm long. The wires were mounted end to end and fused with a 
little borax and silver solder. The junctions and wires were 
then rolled to 0.002 mm thickness. The maximum temperature 
was attained in four seconds and 98 per cent of the increase in 
two seconds. The sensitivity was about the same as that of 
a bolometer strip 0.001 mm thickness but was only about one-half 
that of his best bolometers on high battery current; its manipu- 
lation, however, was easier. 

Reinkober'’ constructed a vacuum thermopile of 14 junctions 
of iron-constantan, of wires 0.05 mm diameter and having a 
resistance of 14 ohms. It was 3 times as sensitive as the old form 
of Rubens pile with wires 0.15 mm in diameter. In vacuo it was 
1.6 times as sensitive as in air. He made also a thermopile (of 
wires 0.021 mm thickness, hammered thin) of only four elements, 
since the resistance was 18 ohms. In air, this was twice as 
sensitive as the old form, and in vacuo 10 times as sensitive as 
the commercial Rubens instrument. He found thatits sensitivity 
was only one-half that of a vacuum bolometer. 

The technique of rapid construction of thermopiles of bismuth 
and silver is given in papers by Coblentz.'* In a separate paper’® 
various modifications of the thermopiles having a continuous 
absorbing surface are described, suitable for physical photometers, 
for physiological investigations, for the measurement of nocturnal 
radiation, etc. The construction of thermo-couples for measuring 
heat from stars®”® requires considerable skill and special technique. 
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For ordinary laboratory work Bi wire 0.1 mm in thickness and 
Ag wire 0.035 to 0.04 mm, with receivers of tin (2 by 1 by 0.02 
mm) are used. After completion the silver wire is given a thin 
coating of shellac. Such thermopiles are strong and can be 
shipped without breakage. 

Symmetry of construction is important in a thermopile. To 
attain this end all the junctures should be suspended freely in 
the air which becomes warmed by the incident radiation. Ther- 
mopiles in which the ‘“‘cold”’ (unexposed) junctions are soldered 
to metal supports invariably cause a drifting of the galvanometer 
as a result of warming of the air surrounding the “thot” junction. 
This can be neutralized by having a thermocouple of low e.m_f. 
(e.g. iron-copper) in the circuit. By slightly heating one of the 
junctures of this couple, the zero position of the galvanometer 
reading is brought back on the scale. 

The radiation sensitivity of a thermopile is doubled by placing 
it in a vessel evacuated to 0.02 mm pressure. The radiation 
sensitivity of thermopiles of fine (0.02 mm diam.) wire is increased 
4 to 5 times in a vacuum. 


III. BOLOMETERS 


The electrical connections of a bolometer and its auxiliary 
galvanometer are the same as that of a Wheatstone bridge. 
The latter is constructed of resistances having a negligible tem- 
perature coefficient. It is therefore misleading to speak of the 


, 


bolometer as being “simply a Wheatstone bridge.”” In a bolometer 
two branches of the bridge are made of thin strips of metal having 
a high temperature coefficient of resistance. These strips, called 
receivers, are made as thin as possible in order to reduce the heat 
capacity. They are usually made of thin (0.001 mm) platinum, 
though iron* and nickel have also been used. They are blackened 
to increase the absorption of radiation. Two strips are used for 
symmetry. The remaining two branches of the bridge are usually 
made of manganin wire having 3 to 4 times the resistance” of the 
receivers. 

It will be understood that the bolometer functions as a result 
of a change in resistance of one of these thin blackened strips 
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when it is exposed to radiation. The resulting galvanometer 
deflection is proportional to the temperature rise of the exposed 
receiver and hence of the intensity of the thermal radiation 
stimulus. 

Convection currents of air cause great unsteadiness in a 
bolometer. It is therefore necessary in practically all work to 
place the receivers in a vessel from which the air can be evacuated 
to a pressure of less than 0.01 mm.?7_ The vacuum bolometer™?*?9 
is much more sensitive than a bolometer in air. However, there 
are many complications and disturbances, and recent improve- 
ments in the sensitivity of thermopiles have made it possible to 
substitute the latter for the bolometer in most radiometric work. 


IV. RADIOMICROMETERS 

The radiomicrometer is essentially a moving coil galvanometer 
having a single loop of wire with a thermojunction at the end. 
This instrument was invented independently by d’Arsonval* 
and by Boys.*! Coblentz™ has devised a vacuum radiometer which 
combined the principle of the radiomicrometer and the Nichols 
radiometer. One of the most noteworthy radiomicrometers was 
constructed by Schmidt* in the laboratory of Prof. Rubens. 
The instrument has undergone modifications by the latter 
and, judging from published work, is practically the only one in 
use. The commendable feature of the radiomicrometer is its 
freedom from magnetic disturbances. However, it is not portable, 
and to attain a high sensitivity requires a long period. 


V. NICHOLS RADIOMETERS 


The torsion radiometer by Crookes*’ as improved by Nichols*® 
consists essentially of two similar, thin vanes of blackened mica 
or platinum, attached to a horizontal arm and suspended, by 
means of a fine quartz fiber, in a vessel which is evacuated. The 
vanes are about 3 mm from a window. The radiation to be 
measured falls upon one of the vanes which becomes warmed and 
repelled from the window. A small mirror is attached to a glass 
staff which supports the vanes. The deflection is measured 
by means of a telescope and scale. The device is free from 
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magnetic disturbances but to attain high sensitivity it requires 
a long period, say 30 to 60 seconds as compared with a thermopile 
and Thomson galvanometer which requires 5 seconds. In its 
time it was very useful, but at present it is being replaced by 
vacuum thermopiles and iron-clad galvanometers. 


VI. GALVANOMETERS 


One of the most important adjuncts to a radiometric laboratory 
is a magnetically well-shielded astatic galvanometer. The 
bolometer and the thermopile require an auxiliary galvano- 
meter. Much radiometric work can be done with a thermopile 
and a sensitive d’Arsonval galvanometer. Such galvanometers, 
now constructed by Leeds and Northrup and by Weston, have a 
sensitivity of i=1X10-* ampere. They are designed to fit a 
bismuth—-silver thermopile'* having a resistance of 10 to 12 ohms. 
In other words they are designed to be critically damped on an 
external resistance of 12 ohms and a single swing of 8 to 10 seconds. 

Recent great advances in radiometry have resulted from 
imbedding the coils of a Thomson galvanometer in soft iron**** 
and providing laminated shields of transformer iron. Tests by 
Coblentz® showed that while the inner shields of laminated iron 
greatly reduced the magnetic disturbances, imbedding the coils 
in blocks of soft iron, reduced still further the effects of air currents 
and magnetic perturbations. Whether there is a further gain by 
making the inner shields of transformer iron regularly separated 
by thin paper, as described by Wente,* or by wrapping iron wire 
upon cardboard, as described by Esmarch* remains undecided. 
These like other refinements (as for example the older method of 
not having slots in the shields, for viewing the mirror) are usually 
negligible by an experimenter when he is anxious to get things 
done. For example, judging from published work, not until within 
recent years did Paschen™ devise and use a special iron-clad 
mounting. 

The galvanometer should be permanently mounted upon a 
substantial pier. Local tremors are sometimes avoided by 
shifting the position of the galvanometer. Serious earth tremors 
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may be avoided by suspending the galvanometer as described by 
Julius.*’ 

A good shield from the magnetic disturbances of the average 
laboratory is obtained by imbedding the coils in blocks of soft 
(Norway) iron, over which is placed a laminated shield of soft 
iron. The latter is made of 20 or more pieces of transformer iron 
(which is in strips about 75 cm (2.5 ft.) in length and 18 cm wide) 
and weighing 9 to 10 lbs. It is well to provide additional shields 
of black wrought iron welded pipe of “extra strong” quality in 
sizes 5, 7, 9, and 11, (See Kent’s Mech. Eng. Pocketbook) and 
cut in lengths of 25 or to 30 cm. Researches “ not requiring the 
highest radiometric sensitivity have been made successfully by 
using simply the iron-clad mounting and laminated cylinder 
just described, and one additional shield which consisted of an 
8-inch black wrought-iron pipe inside of which was placed a 
series of laminations of transformer iron which practically doubled 
the thickness. A cover of pieces of transformer iron adds to the 
shielding effect® and keeps out dust. 


VII. Vacuum MAINTENANCE 


The most efficient device for easily maintaining a vacuum is 
metallic calcium'**° in a quartz or porcelain tube which is ce- 
mented to the thermopile container. Heavy pyrex tubing is 
useful but is likely to collapse on heating. At the beginning, the 
thermopile container is thoroughly evacuated by means of an 
oil pump and the stop cock is closed. 

The metallic calcium should be free from carbide, and should 
be heated to a dull red before closing the stop cock. After this 
the vacuum is maintained by heating the calcium to a dull red 
by means of an alcohol lamp, a gas flame, or by electric means. 
The vacuum stellar thermocouples*® have been heated but twice 
in 6 years to remove the gases liberated from the cell walls. On 
the other hand a laboratory thermopile which has always leaked 
badly has had its vacuum maintained for the past 4 years by 
frequently heating the calcium. 
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VIII. Sources oF RADIATION FOR SPECTRORADIOMETRY 


The difficulties experienced by earlier workers in spectroradiom- 
etry are gradually being overcome by the development and 
application of apparatus suited for the purpose. It is essential 
to use spectrometers of high light-gathering power, as described 
in a separate report published elsewhere in this journal.* 

1. ULTRA-VIOLET 

For transmission and reflection measurements in the ultra- 
violet between 0.184 and 0.284 we have the strong emission 
lines ** from the spark spectra of Al, Cd, Mg, and Zn.** 

The emission spectrum of the mercury in quartz arc lamps,***! 


is a source of powerful emission lines at 0.254 to 1p. Equipped 


with a Cooper-Hewitt 600-watt quartz-glass, mercury-vapor 
lamp the experimenter is now able to make measurements, at 
certain wave lengths in the ultra-violet, with as great ease and 
accuracy as in the infra-red. 

Owing to the generation of ozone and nitrous oxide fumes this 
lamp should be operated in a closed metal box provided with a 
ventilator. Deep brown-colored glasses should be worn when 
exposed to the lamp, otherwise painful and perhaps permanent 
injurious effects will occur to the eyes. 


2. VISIBLE AND INFRA-RED 

Transmission and reflection measurements in the visible and 
in the infra-red to 4u are now easily made by using a gas-filled 
tungsten lamp*®® (500 watt, “Mazda C,” stereoptican type is 
recommended). This type of lamp is easily calibrated for an equal 
energy spectrum such as is used in studying the photoelectric 
sensitivity of substances. For investigations in the infra-red 
of long wave lengths the ordinary gas-mantle® is a useful source 
of radiation. The Nernst glower is also useful, but it is easily 
affected by air currents. 


BUREAU OF STANDARDS, WASHINGTON, D. C. 
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THE MEASUREMENT OF SOLAR, SKY, NOCTURNAL 
AND STELLAR RADIATION* 


BY 
W. W. CosLentz 


I. THE MEASUREMENT OF SOLAR RADIATION 
1. INTRODUCTORY STATEMENT 

The measurement of thermal radiation from the sun, and from 
celestial bodies in general, is a field which is quite undeveloped, 
and the importance of which cannot be foretold. Animal and 
vegetable life exists primarily because of thermal and photo- 
chemical activity induced by the radiation emanating from a 
neighboring sun. We are therefore vitally concerned with the 
question of the constancy of the radiation from our sun. A 
continual fluctuation in the emissivity of the sun is to be expected 
and, if the terrestrial atmospheric transmission were more constant, 
this fluctuation in solar radiation could, no doubt, be recorded to 
the minute. But, limited as we are in our ability to eliminate the 
disturbing causes in making the measurements, perhaps the 
best that we can expect, for the present at least, is to record great 
fluctuations in the value of the solar constant of radiation and 
determine whether or not there is any regularity or periodicity 
in these fluctuations. This will establish a level of values and our 
successors of one hundred or more years hence, (if not at an earlier 
date and if interested in the subject) will be able to determine to 
what extent, and in what spectral radiation qualities, solar 
radiation differs from that of the present. Measurements of 
stellar radiation show that red stars have a much greater emis- 
sivity (are cooling off faster) than stars of the solar type. It is 
therefore interesting to speculate on the terrestrial conditions that 
will ensue when (and if) the sun emits, relatively at least, more 
infra red and less visible radiation than obtains at present. 

In the meantime the observational data accumulated may 
perhaps be correlated and utilized (as, indeed, is already being 
attempted) in predicting conditions of the weather. 





*Section of 1920 Report of Standards Committee on Spectroradiometry, W. W. 
Coblentz, Chairman. 
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2. THE INTENSITY OF SOLAR RADIATION AT THE EARTH’S SURFACE 


The solar radiation intensities most commonly recorded in 
meteorological journals generally pertain to a given station, for 
a given date. They are useful for purposes of comparison, and 
may be obtained by means of simple apparatus. 

One instrument frequently used for this purpose is the Ang- 
strém,*' compensated pyrheliometer. This device consists of two 
thin blackened manganin strips, the one of which is exposed to 
(and hence warmed by) solar radiation. The other strip is 
shielded from solar radiation and is heated electrically to the 
temperature of the exposed strip. Equality of temperature 
is determined by thermojunctions attached to the manganin 
strips and connected with a galvanometer. From a knowledge 
of the area exposed to radiation and the electrical data, the value 
of the solar radiation intensity is obtained in absolute value, 
which is usually expressed in gr. cal. per cm? per min. The 
Marvin pyrheliometer,’ which consists of a resistance thermometer 
and a heating coil imbedded in a disk of silver, is used in a similar 
manner to measure solar radiation. 

A dynamic method of observing the intensity of solar radiation 
consists in noting the rate of rise in temperature of a mercury-in- 
glass thermometer the bulb of which is imbedded in a disk of 
copper or silver, such as for example the silver disk pyrheliometer 
described by Abbot.*° A paper by Whipple'® describes and 
gives illustrations, of various types of instruments for measuring 
solar radiation. Instructive and important data on solar radiation 
intensities are being obtained, and in concluding this part of the 
discussion it is of interest to note the great seasonal variability 
of the intensity of solar radiation. For the central latitude of 
the U. S. A., Kimball** shows that the maximum solar radiation 
at perpendicular incidence varies from 1.37 gram calories per 
minute per square centimeter in January to 1.5 gram calories 
in May and September. The total radiation on a horizontal 
surface, with a clear sky, varies from 0.77 gram calories per 
minute in December to 1.55 gram calories in June. Clouds 





tReferences are given in the bibliography at end of text. 
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nearly in line with the sun, but not obscuring it, increase the 
radiation by about 0.15 gram calories. 

The use of daylight and artificial light is increasing in dye fading 
and other photochemical tests. In a recent investigation by 
Coblentz and Kahler" on the component radiations from the sun 
and from a quartz mercury vapor lamp, it was shown that there 
is no marked difference in the total ultra violet radiation, of wave 
lengths less than about 0.4, from these two sources. However, 
the spectral quality of the ultra violet (the energy distribution) 
is entirely different. The ultra violet of the solar spectrum 
terminates at about 0.34. On the other hand, in the quartz- 
mercury vapor lamp the ultra violet component of wave lengths 
less than 0.3, is about 20 per cent of the total ultra violet com- 
ponent radiation from this lamp. 


3. THE SOLAR CONSTANT OF RADIATION 


By solar constant is meant the intensity of solar radiation 
(usually expressed in gr. cal. cm—*, min-') in free space, at the 
earth’s mean solar distance. The determination of this constant 
involves; (1) an accurate measurement of the solar radiation 
intensity at the earth’s surface, and (2) an accurate estimation of 
the losses in intensity suffered by the solar rays, in passing through 
the earth’s atmosphere. 

The first step in the determination of this constant is to measure 
the solar radiation intensity by means of the silver disk*” pyrheli- 
ometer. This is a secondary instrument which was calibrated 
against a primary standard water flow instrument (viz., a water 
flow calorimeter of special design). 

Simultaneously with the pyrheliometric measurements, spectro- 
bolometric energy curves are obtained, of the sun. From these 
spectral energy curves of the sun at different altitudes, the atmos- 
pheric transmission curve, for all wave lengths, is determined; 
and from these two sets of observations it is possible to compute 
the solar radiation as it would be outside the terrestrial atmosphere. 

This method of determining the solar constant of radiation 
was introduced by Langley, and the numerical values obtained 
therewith are perhaps the first to command the confidence of 
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experimenters. The fault to be found with other determinations 
which differ from each other by almost 100 per cent, no doubt, 
lies in an inaccurate estimate of the amount of solar radiation 
lost in passing through the terrestrial atmosphere. 

Recently Abbot®* and his collaborators have worked out a 
new method of determining the solar constant, based upon a 
relation between measurements of sky brightness and the above 
mentioned spectral transmission coefficients. The sky owes its 
brightness to scattering of the solar rays by water vapor, etc. 
The more hazy the sky, the greater is its brightness and the less 
is its atmospheric transmission. 

The measurement of the atmospheric transmission coefficients 
is a long tedious process. The measurements of sky brightness 
are very quickly made with a pyranometer.' They were able to 
work out graphically a relation between the atmospheric trans- 
mission coefficients and sky brightness which appears to be valid 
at least for the Calama, Peru, Smithsonian Station thereby 
greatly shortening the time of observing and calculating the 
results. All that appears necessary is to make simultaneous 
measurements of sky brightness and solar radiation intensities, 
and determine from the graph, the corresponding transmission 
coefficients. 

The mean value of the solar constant of radiation for the epoch 
1902-1912 (696 observations) is 1.93 gr. cal. (15° C) per cm* per 
min. (loc. cit.,? p. 134). The value of the so-called “solar con- 
stant” is in reality not a constant but is subject to variation with 
sunspot activity, etc. These fluctuations occur at irregular 
intervals and range over perhaps 8 per cent. They are thought 
to indicate a true variability of the sun" (loc. cit.,* p. 117). How- 
ever, no definite periodicity in variation in solar radiation intensity 
has yet been observed.*** 


4. THE TEMPERATURE OF THE SUN 


Various attempts have been made to obtain an estimate of 
the temperature of the effective radiating layer of the surface of 
the sun. The usual procedure is to apply the radiation laws of a 
perfect radiator, which of course cannot be exactly true for the sun. 
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Wilson®”® compared directly the radiation from the sun with 
that of a black body at a known temperature, using Kurlbaum’s 
value of ¢ = 5.3. Assuming a zenith transmission at 71 per cent 
he obtained a value of 5500°C for the temperature of the sun. 
Poynting™ concluded that either Wilson’s estimate of zenith 
transmission is too high or Kurlbaum’s value of the coefficient 
of total radiation is too small. This is very interesting; for 
recent work shows that Kurlbaum’s original value of « = 5.3 
is about 7 per cent too low. 

The most recent value of the effective temperature of the 
sun’s radiating layer is by Abbot.” It is based upon the distribu- 
tion of energy in the spectrum of the sun, as it would be outside 
of the terrestrial atmosphere. After correcting the bolographs 
for absorption by the spectrometer mirrors and the atmosphere, 
the wave length of maximum spectral energy is at \, = 0.470y. 
On the basis of the Wien displacement law. Using the most 
recent value of A = i,, JT = 2885 the effective solar temperature, 
T, is 6140°K or about 5870°C. (Abbot used the old value A = 
2930 and obtained 6230°K). 

On the basis of the fourth power law of total radiation using the 
coefficient « = 5.72 x 10° erg and the above mentioned value 
of the solar constant(1.922) the computed effective solar tempera- 
ture is about 5740°K or about 5470°C. Kurlbaum™ has made 
measurements with an optical pyrometer which yielded values of 
the order of 5500°C on the basis of C = 14600 (for a black body 
C = 14300 but is higher for a selective radiator like platinum). 

In view of the fact that the sun is highly selective in its spectral 
emission, these two methods of calculation must indicate tempera- 
tures which are lower than the true temperatures. The conclusion 
to be drawn is that the sun’s effective radiating layer is roughly 
comparable with that of a black body at about 6000°K or about 
5700°C. 


II. THE MEASUREMENT OF SKY AND NOCTURNAL RADIATION 


Noctural radiation is the expression commonly used for describ- 
ing the loss of thermal radiation from terrestrial objects to space. 
The name no doubt had its origin from the early experiments on 
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the cooling of objects, which is best observed at night. Being a 
low temperature radiation, the wave lengths most strongly 
emitted are in the region of the spectrum greater than 8. In 
connection with the question of the incoming solar radiation, it 
is interesting to note that the outgoing loss in nocturnal radiation 
may amount to 10 per cent of the solar constant. The study of 
the heat interchanges between the earth and the sky requires 
radiometers of novel construction and operation. 


1. THE PYRGEOMETER 


Angstrém’ has modified the original compensated pyrhelio- 
meter‘ by using polished and blackened strips of manganin. 
On exposure to space, the dark strip cools more rapidly than 
the light strip, and by heating the dark strip electrically to the 
temperature of the bright strip a measure is obtained of the 
outgoing, or nocturnal radiation. 

In a recent paper, Angstrém* describes a new modification 
of the pyrgeometer for measuring sky radiation. In the new 
device, one strip is covered with platinum black, and the other is 
covered with magnesium oxide which has a high diffuse reflecting 
power* for luminous rays and a low reflecting for radiation of 
wave lengths at 8 to 10yu. The two strips will therefore have 
practically the same emissivity when exposed to nocturnal radia- 
tion. However, as a mechanical protection, he covers the device 
with a hemispherical glass vessel. When exposed for measuring 
sky radiation (or solar radiation) the difference in emissivity 
for long wave length radiation does not enter the measurements 
as it does in the Callendar™ sunshine recorder and in the pyrano- 
meter,® in which the heating or cooling of the glass cover may 
introduce errors from long-wave radiation. 


2. THE PYRANOMETER 


This instrument was devised by Abbot and Aldrich* for measur- 
ing sky radiation. The device consists essentially of two short 
strips of blackened manganin suitably mounted in the center of 
a circular nickel-plated block of copper. One strip is ten times as 
thick as the other, and hence, because of its greater thermal 
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conductivity, on exposure to radiation the temperature rise 
in the thick strip is less than in the thin strip. This is indicated 
by thermojunctions attached to the back of the strips and con- 
nected with a galvanometer. After again shading the strips, the 
deflection, which was caused by the absorption of radiation, is 
reproduced by heating by means of an electric current which is 
divided between these two strips so as to produce equal heating 
effects in each. These receiving strips are covered with an optically 
figured, hollow, hemispherical screen of ultra-violet crown glass 
which admits direct or scattered solar radiation but which 
prevents the exchange of long wave length radiation between 
the manganin strips and the sky. On removal of the glass cover 
the instrument is useful at night for measuring the outgoing or 
so-called nocturnal radiation. 

Interesting and important data have been obtained with these 
instruments, although the subject is comparatively new. In the 
discussion of the solar constant of radiation attention was called 
to use of measurements of sky radiation®® in determining the 
transmission coefficient of the atmosphere. 

The blanket effect of clouds in preventing nocturnal radiation 
from the earth is a common observance. Because of this effect, 
Humphreys* arrives at the conclusion that the intensity of the 
earth’s outgoing radiation is much greater in middle latitudes 
than it is in equatorial regions. The extraordinary effects that 
result from nocturnal radiation are well illustrated in the book of 
investigations by Barnes® on ice formation, in which it is shown 
that the “‘anchor ice” formed at the bottom of the St. Lawrence 
river is owing to cooling by radiation. 

Interesting data on nocturnal radiation as affected by at- 
mospheric humidity are given by Angstrém.” Ina recent paper by 
Boutaric” it is shown that the intensity of nocturnal radiation 
may be expressed as a function of the absolute temperature of a 
black radiating surface and the vapor pressure in its immediate 
vicinity. The application of such data to horticultural problems 
is well illustrated in an interesting paper by Kimball** in which 
it is shown that the nocturnal, or outgoing radiation from the 
pyrgeometer at 20 C increased from about 0.13 gr. cal. for a 
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vapor pressure of 12 mm, to 0.23 gr. cal. per cm? per min. for a 
2 mm vapor pressure. 


Ill. THE MEASUREMENT OF STELLAR RADIATION 


Numerous attempts have been made to measure the radiation 
from stars. One method of attacking the problem is by means 
of photoelectric photometry. The instruments and methods 
for this type of (selective) radiometry have been developed 
principally by Stebbins,*® who has been very successful in obtain- 
ing important data on the change in brightness of variable stars 
By this means, he has added important data to the subject of 
variable stars. In his earliest work, he used a selenium photo- 
meter, and in his most recent work he has used a potassium 
hydride photoelectric cell. 

The second method of attack is by means of thermal radiometry 
with non-selective receivers. The most recent attempt, by 
Coblentz,* using thermocouples has yielded some interesting 
results. Measurements were made on 112 celestial objects. It 
was found that red stars emit from two to three times as much 
total radiation as blue stars of the same (visual) photometric 
magnitude. Measurements which were made through a cell of 
water showed that, of the total radiation emitted, the blue stars 
have about two times as much visible radiation as the yellow 
stars and about three times as much visible radiation as the red 
stars. The absolute value of the total radiation received from 
all the stars is estimated at less than 2 x 10-* gr. cal. per cm? per 
minute. From this it appears that if the total radiation from all 
the stars, incident upon 1 cm?, of the earth’s surface were collected 
and conserved, it would require from 100 to 200 years to raise the 
temperature of 1 gr. of water 1°C, whereas the solar rays, which 
reach the earth’s surface, can produce the same effect in about 
1 minute. 
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OPTICAL DETERMINATION OF STRESS IN TRANSPAR- 
ENT MATERIALS 


BY 


A. L. Kimpa t, Jr. 


The purpose of this paper is to give a brief presentation of the 
Coker method for the determination of stress in transparent 
materials as now in use at the General Electric Research Labora- 
tory at Schenectady, particularly with reference to the optical 
theory involved. This method was first developed and put on a 
practical basis by Dr. E. G. Coker, F. R. S., of the University 
College of London, and has been described by him at different 
times.! Its operation depends upon the well known law, dis- 
covered by Sir David Brewster in 1816, that transparent materials 
under stress become doubly refracting. 


Fic. 1 


Optical Apparatus 


Fig. 1 shows the general set up, and Fig. 2 is a schematic 
diagram of the principal parts of the optical system. Light from 
a source, A, passes through a condensing lens, B, and water screen, 
C, and then through the polarizer, D. The latter is a special 
arrangement designed by the writer for making a Nicol polarizing 





1 E. G. Coker, Instit. of Mechanical Engineers, London, Feb., 1913. 
Engineering, Sept. 4, 1914. 
Institution of Automobile Engineers, Nov. 1917. 
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prism of one inch circular aperture produce a beam of plane 
polarized light of much larger diameter, see Fig. 3. In this case 
the polarized beam produced has a diameter of four inches 
and the polarization is perfect over the entire field. The water 
screen, C, has a thickness of six inches, necessary to protect the 
polarizing prism which transmits a very concentrated beam. The 
source, A, may be an arc or a powerful incandescent lamp. In 
this set a 30 volt, 30 ampere tungsten filament moving picture 
lamp is used with good results, and is more convenient than an 
arc, as it requires no attention. 

The plane polarized beam from D is then transmitted through 
a quarter wave plate of mica, J, so turned as to produce circularly 

Fic. 2 
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| 
I 
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J E 


Schematic Diagram of Optica! Set 


Fic. 3 








Polarizer 


Fic. 4 


Horizontal Component 
Vipration at 45° 4 


AVAVAVAS 


Action of Quarter Wave Plate on Light Vibration 





Piate I—Elliptical Hole in Tension Member, with Major Axis Transverse to Direction of Pull 


Piate 11—Beam Under Uniform Bending, and Two Orders of Color Dué to Tension and Compression 
Above and Below the Neutral Axis 
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polarized light, Fig. 4, and it is the circularly polarized light 
which is transmitted through the transparent model under stress. 
The model may be of glass, celluloid, bakelite or any other 
material with a good optical constant, but celluloid has been 
found best suited for the work because it may be easily worked, 
it has a large elastic extension, it has a high optical constant, and 
may usually be obtained free from initial stresses. A sample 
of celluloid is cut to the desired shape from a sheet 14 inch thick 
or so, and the required tension or compression applied by means 
of a suitably devised frame with a thumb screw. The light, 
altered by transmission through this specimen, passes through 
another quarter wave plate, K, Fig. 2, with its axis at 90 degrees 
to the first and finally through an analyzing Nicol H whose polar- 
izing plane is at 90 degrees to that of the polarizer. 

In the optical scheme shown in the figure, the specimen under 
stress may be placed in either the plane P or Q, extra lenses being 
necessary to accomplish this. Thus, the effect of two stress sys- 
tems may be superimposed. 

With this combination the transmitted light, which is 
projected upon a suitable screen, is all intercepted when the 
specimen is under zero stress and as the difference of the principal 
stresses p and q increases at a point in the specimen, the image of 
that point on the screen passes through a series of color changes 
as follows: black for (p = q), then straw, orange, red, blue green, 
straw, orange, red, blue green, etc., through several orders which 
begin to fade out after the fourth or fifth order. 

Plate I shows the color effects from a tension member of cellu- 
loid with an elliptical hole in it, and plate II part of a beam, under 
uniform bending moment. These plates were made from Lumiére 
color photographs. 

The color effects are produced by interference of the light 
components transmitted by the analyzer. To better understand 
this, a word or two will be said about stress. The stress distribu- 
tions, which can be analyzed by this method are two-dimensional, 
or stress in a plane; light being transmitted normally to the stress 
directions. Any plane stress distribution consists of two systems, 
called, for convenience, the p and the q systems, see Fig. 5. The 
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p and q systems are at 90° to each other at all points. The color 
figure produced on the screen, by means of its varying orders, 
gives a reproduction of p — q for every point of this system. On 
a specimen under tension, as shown in Fig. 6, at practically all 
points p is much greater than q. For a plane tension member q 
vanishes, and the order of color is a direct measure of p. Further, 
the p and the q stresses are always parallel and normal respec- 
tively to boundaries. Obviously, the normal stress must vanish 
at a boundary, so we conclude that at all boundaries the color order 
gives a direct measure of the tangential stress. This is a valuable 
point because boundaries are often points of maximum stress. 

Referring to Fig. 6, two circularly polarized rays are shown 
from the beam of transmitted light incident on the specimen 
at two different points. All parts of the specimens become doubly 
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Alterations of Circularly Polarized Light with Increasing Relative Retardation of Components 


refracting due to the stress, and the circularly polarized light is 
separated into two vibrations at right angles whose directions 
coincide with the principal stress directions, as shown, which are 
retarded relatively to each other according to the law 
Relative retardation = C(p-q)t 
where C= optical constant 
p-q = principal stress difference 
t = thickness of sample 

The transmitted light is the resultant of these vibrations at right 
angles, and is some form of elliptical vibration, depending upon 
the amount of relative retardation of these components. Fig. 7 
shows the various forms of elliptical vibrations produced from 
different relative retardations of rectangular components of 
circularly polarized light measured in terms of wave lengths. When 
these forms of elliptical vibration are transmitted through the 
final combination of quarter wave plate and analyzer, the light 
which is unaltered by the model is entirely intercepted as is also 
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that for all multiples of full wave length relative retardation of 
the components, and all odd half wave length relative retardations, 
1/2 4, 3/2 ¥, 5/2 d etc., are completely transmitted. The varia- 
tion between these maxima and minima of transmitted light 
obeys the sine law, or, expressing mathematically, 

A = Amsin rd 


where A = Amplitude of vibration 
Am = Maximum aplitude. 


Since intensity varies as the square of the amplitude 
I = Im sin* rd 
where J = Intensity of illumination 
Im = Maximum intensity 


These results are shown graphically by Fig. 8 for a single wave 
length or color. It is interesting to note how the phase of vibra- 
tion of the transmitted polarized light reverses for every wave 
length relative retardation. 
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Amplitude of Transmitted Light Corresponding to Increasing Stress for Several Colors Superposed 


The. above analysis is for a single wave length or color. For 
white light the same explanation applies, but to each color 
separately, and when all colors are superposed, Fig. 9, there 
results a repeating series of colors as the stress increases, since 
the relative retardation for a given stress is different for different 
colors. Fig. 9 is drawn for amplitudes. 











Pirate I1l—Tension Member Showing Points of Maximum Stress at Arcs Where Section Increases 





TPiate IV—Tension Member Showing Sharp Local Stress at Reentrant Angles 
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The reason for a sine variation of light intensity for varying 
relative retardation, or varying principal stress difference is not 
self evident and the writer has worked out what appeals to him 
as rather an interesting proof, using the vector method, which 
is given in the appendix. This proof, together with the figures, 
will appear in the General Electric Review at an early date. There 
are other ways of proving this, such as the method outlined in 
Houstoun’s Treatise on Light? which gives a brief discussion of 
stress analysis by polarized light as developed by Dr. Coker. 

The question naturally arises, why is circularly polarized light 
used instead of plane polarized light. The answer is that different 
results are obtained for different positions of the specimen with 
plane polarized light. If no quarter wave plates are used, the 
color effects are exactly the same as with the quarter wave plates 
if the planes of polarization of the Nicols happen to be 45 degrees 
to the principal stress directions; otherwise less light is trans- 
mitted, and when the planes of polarization and principal stress 
directions coincide, all light is cut out. A black zone appears 
which is the locus of points on the model where the principal 
stress directions coincide with the polarizing planes of the Nicols, 
and gives a simple way of mapping principal stress directions. 
Those of Fig. 5 were determined in this way. Furthermore, 
with quarter wave plates a specimen may be rotated through 
any equatorial angle.with respect to the light direction, and the 
color distribution of the image does not change. The use of 
quarter wave plates was suggested by Silvanus Thompson.’ 
Plate III and IV show the color effect produced by tension 
members of two different shapes. These four photographs were 
taken in Dr. Coker’s laboratory in London. 

The optical measurement, therefore, gives a quantitative 
method of determining the stress at free boundaries of such 
a transparent model, or of the stress differences at internal 
points. A calibration member is used of the same material, 
in which the relation between stress and color is known, or the 
color effect may be directly balanced out for any point by super- 





? R. S. Houstoun, Treatise on Light, P. 228. 
5S. P. Thomson and E. G. Coker , Chemical News, v. 100, pp. 161-62, Oct. 1, 1909 
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imposition of the images of the calibration member on that of the 
specimen, the stress on the calibration member being known. 
When a balance is accomplished, the point of the specimen under 
investigation appears black. 

For a complete determination of p and q at all points, measure- 
ments are made of changes of thickness of the model between the 
stressed and unstressed state by a delicate differential extenso- 
meter. This gives p + q, which in combination with the results 
of the optical measurements gives a complete determination of 
the stress distribution for the case under investigation. 
RESEARCH LABORATORY, 

GENERAL ELEctTRIC COMPANY, 

Schenectady, N. Y. 


APPENDIX 


Given a general case of elliptically polarized light. To find the 
laws according to which the intensity of monochromatic light 
varies when transmitted through a quarter wave plate and a 
polarizing prism with its axis at 45° to that of the quarter wave 


plate. 
Fic. 10 





Direction of 


Optic Axis 


























In Fig. 10, PQ represents the line of vibrations transmitted 
by the polarizer which is at 45° to the axis of the quarter wave 
plate shown to one side. An elliptical vibration path is shown 
and the component vibrations OA and OB out of which it is 
composed. We will regard OA as retarded with respect to OB, 
the amount of this retardation determining the form of the 


elliptical motion of which the circle and straight line are limiting 
cases. 
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Expressing the amplitudes of these vibrations OA and OB 
in terms of components perpendicular and parallel to the optic 
axis of the quarter wave plate, or along the X and Y axes as shown 
in the figure, we obtain 


Ll rT 
OA=i a cos (5+ o)+ia sin (; + +) 
= ad nt +s  é 
icos| > +¢o)+jsin(5+¢ 


This is a vector equation, i being a unit vector parallel to the X 
axis and j being a unit vector parallel to the Y axis. The 
quantity multiplying these vectors is their length. 

In like manner: 


when a=1 


OB =ics¢+jsing (2) 
(1) and (2) give the amplitude of the vibrations OA and OB. 
To express the fact that these vibrations vary with time according 
to the sine law we obtain 


OA sin (wt-0,) = f cos (++) + j sin (5++)] [sin ca) | (3) 


OB sin wt = [i cos @ + j sin ¢] sin wt (4) 


where w= angular velocity of the time vector 
and @,= angular lag of OA with respect to OB 
The elliptical vibration is the path traced by the vector sum of 
these two components: 


6 : ° 2 
r= [ cos (5+0)+ si (j++) [= ca) 


+ [i cos @ +7 sin ¢] sin wi (5) 

This is the path traced by the tip of the vectorr drawn from O as 

it swings around. Now this motion is altered in two ways, first 

by: passing through the quarter wave plate, and second, by the 
rays passing through the polarizing prism. 

When it passes through the quarter wave plate all the com- 

ponents parallel to its optic axis, or the 7 components are shifted 


in phase by 44 \ or = In this case we will assume a retardation. 





288 A. L. KimBaLt, Jr. [J.0.S.A., V 


Taking account of this, (5) becomes 


5 oa - 7 
r = ios (F++) {sin (wt-0,)] + 7 sin (J++) [= (0-5) | 


+icos¢sinwt +/jsin ¢sin (5) 


(6) 


The vibration represented by (6) is again altered by trans- 
mission through the Nicol prism. This selects all components 
parallel to PQ, superimposes them upon each other and rejects 
all transverse components. Projecting the component vectors 
of (6) upon PQ, dropping the unit vectors and remembering that 
the projections of the 7 components are negative, we obtain 


rv 2 = COS (5+) sin (wt-@,) - sin (j++) 
sin wt-0,—— 
2 
. . . 7 
+ cos @ sin wi - sin ¢ sin («5) 


Transforming and simplifying, we obtain 


rv 2=(-sin ¢ cos 6; + cos } sin 6; + cos ¢) sin wi 
+ (sin @ sin & + cos @ cos 6; + sin @) cos wt 
= (—sin (¢@;) + cos ¢) sin wi 
+ (+ cos (¢@-@:) + sin ¢) cos wi 
= Asin wi + B cos wt 


The amplitude of this vibration 





=Fm v2 = V A?+B? = V2+2 sin & 


rm = Vi+ sin 
where rm = maximum value of r (9) 
Therefore the amplitude of the transmitted light is dependent 
on the relative retardations of OA and OB only and independent 
of the angle ¢. We have thus proved that changing the angular 
position of the specimen does not alter the transmitted light 
intensities. 
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Now 4, is the retardation of the first quarter wave plate plus 


that of the specimen, or 6: = 6:—~ where # = retardation due 
2 


to specimen alone. Substituting #-— : for #:, we have 


Tr 
= ) =-C0s 02 


sin 6; = sin (°. - 2 
(10) 


= V 1-cos 02 
retardation of one component behind 
(11) 


or from (9) 
rm 


But #6 = 2rd where \ 
the other in wave lengths 
We thus obtain the following result: 
1) The amplitude of the transmitted light is independent of ¢ or of the direction of 
the principal stress lines. 


2) It depends upon the relative retardation of OA with respect to OB according to 


the sine law. 
Negative values of amplitude mean a reversal of phase of the 


plane polarized light. 
The intensity of illumination is proportional to the square of 


the amplitude, or 
I =Im sin? xr 


maximum value of the intensity. 


Where In = 
For a graphical representation of the results see Fig. 8. 
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